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Summary

Denmark is in the midst of a fundamental transition towards a low carbon economy. The
agreed-upon policy states that this transition should be completed by the year 2050, while
the recently formed Danish government is aiming for a 70 % CO2–reduction by 2030.
Such a fundamental transition will have repercussions throughout the broader economy.
It is hence necessary to have modeling tools capable of providing insights into both what
is economically viable and technically feasible. Contributing to the development of such
a model has been the object of this thesis. The resulting model, named IntERACT,
includes a detailed description of the Danish macro economy and the Danish energy
system, and not least a novel method for capturing how the two systems interact.

This dissertation pursues four research questions. First, how can a national energy
system model be constructed to help prioritize and describe optimal socioeconomic path-
ways to a low-emission society across all sectors? Second, how can a national energy
system model and a national computable general equilibrium model be linked to improve
the policy decision-making process? Third, what is the potential for meeting Danish en-
ergy savings obligations by targeting households’ investment behavior? And last, how
can the challenge of ex-ante evaluation of energy efficiency policy for industry sectors be
evaluated systematically within a modeling context?

The first principal contribution made by this thesis is the development of the linking
method; and the implementation of this technique into the IntERACT model. The
thesis further demonstrates how the IntERACT model makes it possible to capture the
macroeconomic effect of fuel and technology-specific measures within the energy system,
with a hitherto unseen degree of consistency. The second principal contribution of this
thesis is in demonstrating how the IntERACT model facilitates the ex-ante evaluation
of energy efficiency policies.
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Resumé (Danish)

Danmark er midt i en omstilling mod et samfund med netto nul drivhusgasudledning.
Omstillingen vil have vidtrækkende konsekvenser for husholdninger, virksomheder og
den danske statskasse. Virksomheder vil potentielt skulle investere store summer i ny
teknologi (fx CCS-teknologi til at fange CO2 fra cementproduktion). Husholdningerne vil
skulle investere væsentlige beløb, fx i energirenoveringer. Og endeligt st̊ar statskassen
til at miste afgiftsindtægter efterh̊anden som fossile brændsler udfases. I lyset af de
vidtrækkende konsekvenser ved en s̊adan omstilling, er der behov for at sikre det bedst
mulige grundlag for at føre klima- og energipolitik. Et beslutningsgrundlag der bør
fange s̊avel de tekniske muligheder som de afledte makroøkonomiske ved nye politiktiltag.
Denne afhandling bidrager i særlig grad til litteraturen ved at udvikle en ny metode til at
konsolidere de tekniske og de makroøkonomiske effekter. Afhandlingen bidrager desuden
ved at implementere metoden i den danske IntERACT model. Et andet centralt bidrag
fra denne afhandling er, at metoden gør det muligt at medregne de makroøkonomiske
virkninger knyttet til investeringer i nye teknologier. Afhandlingen eksemplificerer be-
tydningen af disse investeringer ved at betragte effekten af en politik, der tvinger den
danske cementsektor til at investeringer i CCS -teknologi. En s̊adan politik medfører en
betydelig reduktion i den danske cementproduktion og en CO2-lækage-effekt p̊a op mod
88%. Politikeksperimentet viser endvidere, at halvdelen af fremkaldte fald i BNP følger
af de ekstra kapitalomkostninger forbundet med investeringer i CCS-teknologien.

Et andet omr̊ade, hvor denne afhandling bidrager til litteraturen er ved modellering
og analyse af energieffektiviseringspolitik for husholdninger og erhvervslivet. Overordnet
understreger dette bidrag, at IntERACT-modellen fanger s̊avel det tekniske potentiale for
specifikke teknologier, betydningen af barrierer for udbredelsen af teknologier, samt det
makroøkonomiske feedback knyttet til konkret energieffektiviseringspolitik. For hushold-
ningernes varmeforbrug bidrager afhandlingen ved at videreudvikle IntERACT-modellen
s̊a den kan simulere virkningen af politik rettet mod husholdningernes investerings- og
varmeefterspørgselsadfærd. Detaljegraden i IntERACT gør det muligt at fange rebound-
effekten (fra lavere varmepriser) s̊avel som den samlede effekt p̊a den disponible indkomst
ved politiktiltag, der reducerer barrierer knyttet til energibesparelser. For industrisek-
torer viser afhandlingen, hvordan energieffektivitetspolitik kan evalueres ved at dekom-
ponere resultaterne fra IntERACT-modellen i entydige aktivitet-, pris- og teknologief-
fekter. Afhandlingen viser vigtigheden af at inkludere alle tre effekter, n̊ar man vurderer
den samlede effekt af energieffektivitetspolitik. Afhandlingen demonstrerer, hvordan
størrelsen p̊a pris- og aktivitetseffekter varierer betydeligt p̊a tværs af sektorer. Tidligere
undersøgelser har forsøgt at evaluere enkelte af disse effekter, men ingen har indtil nu
været i stand til at redegøre for den simultane interaktionen mellem de tre effekter.
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Chapter 1.

Introduction

This chapter presents the research context followed by the aim of the research, the
research questions, and the scope. Finally, the chapter presents an outline of the thesis.

1.1. Research context

The Paris Agreement’s objective to keep the global temperature increase to well below
2°C (relative to the pre-industrial level) emphasizes the urgent nature of climate change
mitigation policy. Within the European Union (EU), several binding targets have been
set for 2030 to facilitate the pathway towards a climate-neutral economy in 2050. These
targets include 40% cuts in greenhouse gas emissions (from 1990 levels), at least 32%
share for renewable energy and an at least 32.5% improvement in energy efficiency for
the European Union as a whole. Ultimately, the transition to a climate-neutral economy
will necessitate the large-scale replacement of fossil-based technologies across all sectors
of the economy. From a national policy perspective, this transition requires careful
consideration. Both in terms of (i) the choice of policy measures; (ii) the prioritizing
of policies across sectors; and (iii) when determining the balance between responding
to climate change and sustaining economic competitiveness and development. This has
lead Jaccard (2009) to suggests, that policymakers should have access to a modeling
framework that can evaluate the effect of economy-wide policies working in concert
with technology- and fuel-specific measures, and that incorporate regulations as well
as market-based policies.

1.2. Aim, research questions, and scope

The research presented in this thesis concerns the development of the Danish hybrid
model IntERACT and its application. A model capable of analyzing the crucial rela-
tionships between energy technology options, investment, prices, and macroeconomic
demand for energy services. IntERACT consists of two sub-models: a computable gen-
eral equilibrium (CGE) model and an energy system model (TIMES-DK). The thesis
aims to demonstrate how the IntERACT captures both energy system effects and their
interaction with the wider economy, both for technology-specific measures and broader
energy efficiency policies. The thesis consists of an introductory essay and four stand-
alone papers. The thesis addresses the following four research question:
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Chapter 1. Introduction

• How can a national energy system model be constructed to help prioritize and de-
scribe optimal socioeconomic pathways to a low-emission society across all sectors?
(Paper-I, Paper-II)

• How can a national energy system model and a national CGE model be linked to
improving the policy decision-making process? (Paper-II)

• What is the potential for meeting Danish energy savings obligations by targeting
households’ investment behavior? (Paper-III)

• How can the challenge of ex-ante evaluation of energy efficiency policy for industrial
sectors be evaluated systematically within a modeling context? (Paper-IV)

As such, the scope of the embedded papers (II-IV) is on climate and energy policy
applications that require the consolidation between technical energy system effects and
macroeconomic activity and price effects. That is a situation where a policy (i.e., regu-
lation, tax, or subsidy) leads to substantial changes in the of cost energy services (e.g.,
by affecting the choice of technologies within the energy system). For example, the cost
of energy service may increase driven by the need to make expensive investments in new
technologies (the technical effect). However, if the price of energy service goes up, firms
may want to substitute their demand for energy services (the price effect). And instead,
rely more on other production inputs; such as labor or materials. If an increase in the
cost of energy service reduces the competitiveness of a sector, the sector may further
have to reduce its production (the activity effect). The activity effect would reduce the
demand for energy services and other input altogether. If the price and activity effects
lead to a substantial change in energy service demands, these changes have to be taken
into account when evaluating the future energy system. In particular, as this demand
feedback may moderate the size of the initial technical effect.

1.3. Central assumptions and delimitation

The research approach taken in this thesis is a mix of two different quantitative methods:
applied energy system analysis and applied general equilibrium modeling. The former
may be said to fall under a broader framework of system theory; as described further
in Krook-Riekkola (2015). Whereas the applied general equilibrium modeling conforms
to the tradition of neoclassical economic theory. This theory contains the following
fundamental assumptions:

• Neoclassical theory carries inherent limitation by traditionally assuming perfectly
competitive markets and optimizing agents (Bhattacharyya, 1996). The general
assumption of perfect information and perfect competition implies that all firms are
operating at zero profits with gross prices equal to marginal costs. In reality, firms
may have a degree of market power. Although it is possible to model monopolistic
competition within the CGE model, this thesis does not consider this type of model
property.
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1.3. Central assumptions and delimitation

• The CGE model used in this thesis does not include dynamic modeling of savings
and investment behavior. Instead, the CGE model has been calibrated to be
consistent with a long-term macroeconomic projection of the Danish economy. In
reality, some of the measures considered in this paper may impact the intertemporal
savings and investment decisions of firms and households. This thesis does not
consider these dynamic implications.

• CGE-models assume a supply-driven steady-state equilibrium, as this type of model
is driven primarily by the availability of input factors (i.e., labor and capital). In
reality, demand-side instruments may be relevant tools for policymakers as well,
particularly when the economy is undergoing a recession. The role of demand-side
policies is not considered this thesis explicitly. However, Paper III indicates that
policies directed at efficiency retrofit for the residential sector could potentially
increase residential investment demand substantially.

• Within CGE models substitution elasticity describes the price induced choice of
input into the production decision of firms and the consumption decision of house-
holds. In reality, these elasticities (often estimated based on historical data) may
not be stable over the modeling horizon.

Similarly, the least cost optimization applied when solving a model based on the
TIMES (such as TIMES-DK) modeling framework is also associated with several limi-
tations and fundamental assumptions (Loulou et al. (2016a)):

• the TIMES-DK sub-model minimizes the total discounted system cost. Assuming
(as the CGE-model) that all agents are price takers. Further running TIMES
based on the core assumption of perfect foresight, presumes both full information
between actors as well as across time (e.g., future prices are known with certainty).
In reality, markets may be less than competitive, whereas future fuel prices and
technology costs are uncertain. This thesis addresses the uncertainty about future
prices and technology costs by applying Monte Carlo analyses.

• TIMES assumes profit/utility-maximizing behavior of firms and households. In re-
ality, preferences and different market barriers may obfuscate a simple profit/utility-
maximizing behavior. This thesis captures obstacles (such as liquidity constraints,
information barriers, etc.) by applying technologic specific hurdle rates within
TIMES-DK.

• Outputs of a process/technology are linear functions of its input. Similarly, all
investments in a specific technology will have the same cost per unit of energy
independent of the number of installments or size. In reality, units are heteroge-
neous, e.g., small units are usually more costly than large units due to economies
of scale. The thesis takes some measures to account for the heterogeneity of energy
service technologies for industrial sectors within TIMES-DK.

15



Chapter 1. Introduction

• TIMES-DK is at its core a partial equilibrium model of the energy system. As
such, the model computes both the flows of energy forms, including their prices.
TIMES-DK clears the energy markets, such that the supply of energy produce
matches the amount demanded by firms and households. However, the core TIMES
modeling framework does not describe markets outside the energy system. In
reality, feedback from the wider economy (in terms of demand responses) will
affect the demand for energy services and hence, the energy system.

The primary motivation for linking TIMES-DK and the CGE sub-models (within the
IntERACT model) is that linking makes it possible to overcome some of the limita-
tions of each modeling type. Linking overcomes the limitation of the CGE-model in
terms of relying on substitution elasticity for determining the future technological choice
associated with energy service supply technologies. Instead, TIMES-DK provides this
information to the CGE model. Similar by linking TIMES-DK with the CGE model
overcomes the partial equilibrium nature of the TIMES-DK optimization by accounting
for the broader macroeconomic feedback.

A final significant delimitation is that this thesis focuses on the Danish economy and
energy system. The CGE sub-model handles the boundary with the rest of the world,
by relying on Armington elasticities to model cross-border trade. TIMES-DK captures
cross-border trade with energy commodities by relying on exogenous import and export
prices.

1.4. Outline of this thesis

This thesis consists of an introductory essay and appended papers. The four appended
papers deal with different aspects of the IntERACT model and its application. The
remainder of the introductory essay is organized into chapters as follows. Chapter 2 pro-
vides an overall framework for understanding the IntERACT methodology seen through
the lens of the model development history. Chapter 3 presents some of the concepts
applied in this thesis. Chapter 4 discusses the common data-framework developed and
used across the two submodels in IntERACT. Chapter 5 reflects on Monte Carlo anal-
ysis as a tool used actively as part of the model development. Chapter 6 elaborates on
the four research questions and the main contributions of this thesis. Finally, section 7
concludes and provides suggestions for future work
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Chapter 2.

Methodology

This chapter introduces the IntERACT1 hybrid modeling methodology developed and
applied throughout this thesis. This chapter uses the IntERACT model history as a
lens for understanding the choice of methods in this thesis. The hope is that by tracing
the history of IntERACT from conceptual idea to an applied model provides additional
insights into crucial modeling decisions and lessons learned as part of the model de-
velopment. Or to paraphrase the philosopher Søren Kirkegaard, a model can only be
understood backward, but it must be developed forward.

2.1. Preface for the IntERACT model

The Energy Agreement of 22. March 2012 marks the official birthday of the IntERACT
model. The wording in the energy agreement relating to IntERACT was: ’Development
of a general equilibrium model for modeling the energy system and economic system to
identify effective policies and future regulatory initiatives’ (Danish Energy Agreement,
2012). The background for understanding this wording is in part the work of the Danish
Climate Commission. The Climate Commission was set up by the Danish government
in 2008 to assess the scope for a fossil-fuel independent society. In 2010, the commission
concluded that Danish independence of fossil fuels in 2050 would be attainable at a
modest cost to society (around 0.5 % of GDP in 2050) (Danish Climate Commission,
2010b). However, the Climate Commission did not determine what specific mix of policy
instruments would be required to meet fossil fuel independence. In part, because the
commission saw it as outside their purview. However, perhaps more fundamentally, the
models used by the commission did not facilitate impact assessment for specific policy
instruments (Danish Climate Commission, 2010b).

The Climate Commission reached its conclusions based on the following three main
models: A technical simulation model (STREAM) and two macroeconomic models
(ADAM and MINI-DREAM). STREAM was used to determine the additional tech-
nical cost of fossil fuels phase-out. The two macroeconomic models explored the societal
costs of fossil fuel independence, given the technical effect determined by the STREAM
model.

Being a simulation model, STREAM did not perform economic optimization of the

1The acronym relates to INTegrated Economic eneRgy Applied Computational Tool.
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Chapter 2. Methodology

future Danish energy-system (Bramstoft et al., 2018). Instead, future capacities and
investments were specified exogenously by the model user. For example, the user may
specify the capacity of off-shore wind turbines in 2050. Based on the user-specified
capacities, STREAM simulated the future Danish energy system. The output from
this simulation includes information on the energy system costs, GHG emissions, fuel
consumption, and fuel conversion as well as energy savings.

ADAM represents a synthesis between Keynesian and neoclassical theory (ADAM,
2013). Consequently, in the short term, demand determines production and employment,
whereas supply determines output and employment in the long-term. The long-term
GDP effect is the result of three interacting drivers: labor supply effect, productivity
impact, and impact on the tax structure (Danish Climate Commission, 2010b). Linking
the technical effect from STREAM to ADAM was associated with a critical problem.
ADAM’s reference scenario was vital for assessing the impact of the fossil-free scenario.
However building this reference scenario within ADAM was only partially successful,
as GDP in 2050 was approximately 13 % lower in 2050 compared to GDP assumed
by STREAM; pointing to general inconsistencies in the linking methodology (Danish
Climate Commission, 2010a). Based on investment and sectoral energy savings from
STREAM in 2050, ADAM determined both the final impact and transitional impact
of the fossil fuel independence scenario. However, to capture the transitional impact,
the ADAM modeling team had to make their own presumption concerning investments
and savings profile associated with the fuel independence (Danish Climate Commission,
2010a). Presumably, because the scenario time-frame within STREAM model only con-
siders one year. The long-term effect within ADAM from an ambitious policy of phasing
out fossil fuel was a permanent drop in GDP by 0.7 % and a lasting drop in private
consumption of 1.2 % relative to the reference scenario. Part of the decrease in private
consumption was driven by the increased taxation of labor income to compensate for the
reduction in tax revenue from fossil fuel taxes. Including the value of leisure, ADAM
suggested a welfare reduction corresponding to 0.4 % of GDP in 2050.

Mini-DREAM was developed specifically for the climate commission as a small static
general equilibrium model for assessing the long term impact of scenarios (Stephensen
et al., 2010). The model consists of one household, one firm, and a government sec-
tor. A key feature of Mini-DREAM is that it explicitly models energy service demand.
The household consumes three types of energy services (heat, electricity, and transport),
whereas the firm demands four types (heat, process energy, other electricity, and trans-
portation). Mini-DREAM used input from STREAM in terms of fuel and capital cost
for energy services. Based on this technical effect, Mini-DREAM determined the behav-
ioral changes associated with fossil fuel independence scenario relative to the reference
scenario. Mini-DREAM found that becoming independent of fossil fuel was attainable
at a modest cost to society. Also finding a welfare cost corresponding to about 0.4 % of
GDP in 2050.

Although the conclusion made by the climate commission suggested that, a policy
of fossil fuel independence was achievable at a modest cost. The analysis behind this
conclusion was subject to important limitations since it was relying on :
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2.2. Choice of general equilibrium model

• a rudimentary modeling of the transition towards fossil fuel independence. The
main technical model STREAM focuses narrowly on simulating the energy system
within a specific year based on exogenous capacity assumptions.

• a modeling framework, which did not allow for the assessment of specific policy
measures. Here again, STREAM was a limiting factor, as the model did not
facilitate the modeling of policy measures.

• a modeling framework which did not assess the sectoral impact of the fossil fuel
independence scenario.

• a lack of consistency across models e.g., reflected in the discrepancy between GDP
in the reference scenario assumed by STREAM and ADAM.

• a lack of macroeconomic feedback (from ADAM and Mini-DREAM) to the STREAM
model.

These limitations, in part, form the backdrop for the Energy Agreement’s call to de-
velop a general equilibrium model. A model capable of capturing both the energy system
and the economic system to identify effective policies and future regulatory initiatives.

2.2. Choice of general equilibrium model

With this preface in mind, the scoping of the CGE modeling began in earnest at the
Danish Energy Agency in 2012. The initial focus was on two questions. First, whether
to develop an entirely new CGE model or whether to extend an already existing CGE
model to perform the task set out in the Energy Agreement. The second question was
whether to integrate technologies into the CGE model, or whether to use some form of
linking approach, which handles the technical optimization of the energy system outside
the CGE model (i.e., a method comparable to the Danish Climate Commission).

Early discussions at the Danish Energy Agency, lead to the decision that IntERACT
(like Mini-DREAM) should rely on the concept of energy services. That is the fun-
damental premise that agents (firms and households) make economic decisions based
on the price of energy services (e.g., residential heating service). Whereas the specific
fuel use and the specific technology applied to obtain the energy service is of secondary
importance for the agent.

Within CGE models, it is common to assume that fuel consumption is the source of
utility and value for firms and households (e.g., Barslund et al., 2010). And this ap-
proach may work when considering marginal changes to the energy system. However,
this assumption becomes problematic when analyzing the large scale and long term
technological transformation. As the relationship between fuel input and energy service
output may change fundamentally, as new technologies become available. The develop-
ment of cost-efficient heat-pumps technologies, capable of delivering residential heating
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with a modest input of electricity may be an illustrative example of such a technological
transformation.

The decision to rely on energy services demand rather than fuel-specific demand ruled
out many existing Danish CGE models. In addition to modeling energy services, IntER-
ACT had to be a multi-sectoral CGE model to capture the structural impact of energy
and climate policies. The need for a multi-sector model ruled out the one-sector rep-
resentation of industry such as that of the Mini-DREAM model. These considerations
lead to the decision to develop a new CGE model as part of the IntERACT project.

2.3. Capturing technological detail through integration or
linking

From a policy perspective, the ideal situation when designing energy policy is to have
access to a model that can evaluate the effect of economy-wide policies working in concert
with technology- and fuel-specific measures, and that incorporate regulations as well as
market-based policies (Jaccard, 2009). According to Jaccard (2009), such an ideal model
would need to satisfy at least three criteria:

• Technological explicitness: a thorough representation of potential and realized tech-
nological changes,

• Microeconomic realism: a microeconomic foundation for capturing how businesses
and firms will decide among future technology options, given utility/profit maxi-
mization, and

• Macroeconomic realism: a framework for accounting for how the behavior of agents
and technical effects impacts the wider economy.

Figure 2.1 illustrates the traditional distinction between the bottom-up and top-down
approach to perform against these three criteria. Figure 2.1 further shows how the vision
of IntERACT was to develop a framework, which combined the comparative strengths
and weaknesses of the conventional top-down and bottom-up approaches framework.

The bottom-up approach has generally been used by engineers and physicists to an-
swer how changes in energy and climate policies system will influence the environment,
energy use, and energy cost (Jaccard, 2009). Bottom-up models focus on particular
energy sectors or whole energy systems, giving a very detailed description of these in
terms of present and future technologies. Due to the level of technical detail, bottom-up
models are ideal for analyzing the effects of energy efficiency, fuel use, emission con-
trol equipment, and energy infrastructure (Gargiulo and Gallachóir, 2013). Critics of
bottom-up models point to their partial equilibrium nature, which means they neglect
macroeconomic impacts (Böhringer and Rutherford, 2008). This includes tax recycling
effect (Goulder, 1995; Böhringer and Löschel, 2006) and terms of trade effects (Böhringer
and Rutherford, 2002). Finally, bottom-up models have also attracted criticism for their
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Figure 2.1.: Three-dimensional assessment of energy-economy models
Note: Adopted from Jaccard (2009)

lack of microeconomic framework, when modeling the behavior of households and firms
(Jaccard, 2009). Traditional bottom-up models do hence not capture demand response
associated with climate mitigation policies.

Economists have used top-down models to understand the consequences of climate
and energy policies in terms of public finance, economic competitiveness, and employ-
ment (Hourcade et al., 2006). Top-down models do well in terms of microeconomic
realism and capturing the macroeconomic feedbacks. Top-down models have tradition-
ally focused on understanding the consequences of climate and energy policies in terms
of public finance, economic competitiveness, and employment (Hourcade et al., 2006).
This type of model consistently describes the interaction of sectors, households, and
the government; typically using a microeconomic behavioral framework. Thereby allow-
ing top-down models to account income effects and demand response for various agents
(Böhringer and Rutherford, 2008). While, at the same time maintaining macroeconomic
key balances, e.g., related to government budget and trade.

However, three notable properties make the top-down approach less suited for ana-
lyzing climate mitigation policies: (i) The poor representation of the energy system; (ii)
the reliance on historic data for estimation of all important substitution elasticities; and
(iii) the possibility that energy demand equations in many top-down models suffer from
a degree of misspecification. The poor representation of the energy system implies an
incapacity of top-down models both when it comes to evaluating technology-specific poli-
cies and when ensuring the technical feasibility of the energy system (Hourcade et al.,
2006). Incapacities are often cited as the main drawback of this type of model (Frei
et al., 2003). Top-down models rely on historical data to estimate local substitution
elasticities, e.g., between different fuel inputs. If these substitution elasticities are esti-
mated from historical data, then there is no certainty that their value will remain valid
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in the future. Notably, not if mitigation policies induce the development of new tech-
nologies, providing firms and households with new energy technology options to choose
from (Hourcade et al., 2006). And finally, top-down models tend to focus on specific
fuel demands instead of energy service demand (Hunt and Ryan, 2015). Focusing on
fuel demand is contrary to the fact that energy is a derived demand. That is, firms and
households acquire utility from the energy service derived from fuel inputs.

Despite the traditional distinction between top-down and bottom-up modeling, the
difference is somewhat contrived. Böhringer (1998), for example, demonstrates how
technology-specific activity analysis can be integrated into a CGE model using a mixed
complementarity problem (MCP). As the MCP method, unlike CGE modeling based
on a system of non-linear equations, supports the activity analysis description of dis-
crete technological alternatives, including the complete phase-out of specific technologies
(Böhringer, 1998). Böhringer and Rutherford (2008) further demonstrates full integra-
tion between top-down and bottom-up models using MCP. However, Böhringer and
Rutherford (2008) note that bottom-up modeling typically involves a large number of
bounds on decision variables. These bounds introduce unavoidable complexity in the
integration since they must be associated with explicit price variables to account for in-
come effects. Leading Böhringer and Rutherford (2008) to point towards decomposition
approaches as an alternative to full integration. Decomposition could potentially per-
mit the consistent combination of complex top-down models and large-scale bottom-up
energy system models for energy policy analysis. As this thesis indeed demonstrates.

Aside from methodological challenges associated with the integration of the technolo-
gies into the CGE model, three additional factors went into the decision to pursue a
linking strategy rather than an integrated strategy in the IntERACT modeling project.

• the apparent absence applied full scale integrated CGE models.

• that integration does not necessarily solve the controversy between top-down and
bottom-up approaches.

• It was judged that an integrated model would be less flexibility in terms of use,
and include more risk associated with model developments

In 2012, the IntERACT team found no example of a working full scale integrated
model. That is a model that incorporates a detailed technical description of the whole
energy system into a CGE model framework. Instead, existing studies tended to focus
on integrating only a part of the energy system, typically the electricity supply sector
(e.g., Böhringer and Löschel, 2006; Sue Wing, 2008).

Historically, the top-down, bottom-up controversy has been between an engineering
and an economic perspective (Wilson and Swisher, 1993). Wilson and Swisher (1993)
suggest that the controversy originates from the difference in question asked by each
discipline, as well as the inherent difference in language, culture, and dogma associated
with each discipline. As such, it is not clear that integration technologies into the CGE
model necessarily solves the fundamental controversy. Integration, if done poorly, could
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even risk alienating both economists and engineers. Whereas, a linking approach that
keeps the bottom-up and top-down model intact has a greater potential for bridging the
gap between economists and engineers. Both by offering transparency and by keeping
the language of each discipline relative intact.

Finally, linking also provides another advantage over an integrated approach, namely
that the top-down and bottom-up models can be both developed, tested, and used in-
dependently. From this perspective, the linking method is superior by facilitating an
incremental modeling approach, allowing for the parallel development of several features,
thereby potentially strengthening knowledge building, finding errata and generally gain-
ing experience reducing the overall risk of the IntERACT project (Termansen et al.,
2019).

Based on these considerations, it was decided to develop a multi-sectoral CGE model,
and to start the search for a bottom-up model capable of determining the technical effect
associated with future energy and climate policies.

2.4. Criterion for choosing the bottom-up model

This section describes the choice of a bottom-up model for IntERACT. In terms of
models, the starting point from the perspective of the Danish Energy Agency was a suite
of existing in-house models covering different sectors, ranging from a bottom-up power-
dispatch model (RAMSES), a top-down econometric demand forecast model (EMMA),
and a number of simple spreadsheet models used to project energy demand for transport
and residential heating. Neither of these existing models was particularly well suited
for providing information on the technical effect to a CGE model. Hence, a broader
screening of energy system models was performed at the Danish Energy Agency (Næraa
et al., 2012). The screening study included eight different models: RAMSES, POLES,
TIMES, LEAP, ENERGYPlan, BALMOREL, STREAM, and PRIMES. Screening each
model based on criterions related to (i) key model features; (iii) modeling community;
and (iii) model ownership. Table 2.1 summaries the results of the screening.

23



Table 2.1.: Initial screening of bottom-up model for IntERACT

# Criterion RAMSES Balmorel LEAP ENERGY–
plan

STREAM PRIMES POLES* TIMES

1 Full energy system
model

No No Yes Yes Yes Yes Yes Yes

2 Models all economy sec-
tors

No No n.a. n.a. n.a. n.a. n.a. Yes

3 Energy service demand
as driver

No No n.a. n.a. Yes n.a. n.a. Yes

4 Optimizes investment
in capacity

No Yes No No No Yes Yes Yes

5 Times slice aggregation Flexible Flexible Yearly Hourly Hourly Yearly Yearly Flexible

6 Transparent struc-
ture and user friendly
interface

No n.a. Yes Yes Yes n.a. n.a. Yes

7 Implement policy mea-
sures using user inter-
face

No n.a. n.a. n.a. No n.a. n.a. Yes

8a Number of users 1 n.a. >5000 100-1000 n.a. 1 1-2 100-1000

8b Network of users In house Yes n.a. n.a. No n.a. n.a. Yes

9 Positive experience
linking with top-down
model

Yes No No No Yes Yes n.a. Yes

10 Ownership of model Yes Yes n.a. n.a. n.a. n.a. No Yes

11 Data requirments Technology
catalogs

Technology
catalogs

n.a. n.a. n.a. n.a. n.a. Technology
catalogs

12 Data exchange with
GAMS

Using excel Directly
through
GAMS

n.a. n.a. n.a. n.a. n.a. Directly
through
GAMS

Source: Adaopted from Næraa et al. (2012) and Connolly et al. (2010)
Note1: n.a. indicates that this criterion was not considered as part of the screening.
Note2: The screening was carried out in 2012 and does not account for model improvement since then.



2.4. Criterion for choosing the bottom-up model

Seven criteria related to modelling features (criteria 1–7 in Table 2.1). The bottom-up
model had to be capable of modeling the whole Danish energy system. Whereas it should
be flexible enough to allow for modeling of individual economic sectors, ideally matching
the sectoral definition used in the CGE-model. The bottom-up model should further
rely on the energy services as the fundamental demand driver, to facilitate the link with
the CGE-model. The model should optimize investments in capacities over the modeling
time-frame. As a consequence of the long term focus, the model could be more aggregated
in terms of power capacity and in terms of time slices. That is, the model did not have
to simulate electricity supply and demand for each hour in the year 2050. However, the
model should offer a transparent structure and user-friendly interface. And be flexible in
terms of implementing policy measures (i.e., taxes, subsidies, and regulation). Criteria
8–9 in Table 2.1 capture to what extent a large community supported the specific model.
And to what extent this community had positive experience linking with a top-down
model. The last three criteria (10–12), reflect the requirement to have ownership over
the model and data and highlight the potential for data exchange with the CGE model
(which is solved using GAMS software).

RAMSES and BALMOREL only model the power system and were hence not consid-
ered further. LEAP, EnergyPlan, and STREAM do not invest in capacities endogenously.
These models, therefore, have limited ability to determine the effect of policy measures,
e.g., the impact on a renewable energy subsidy on the future capacity of off-shore wind
power. PRIMES and POLES were not an option, as ownership over these models could
not be guaranteed. Based on this initial screening, it was decided to begin the devel-
opment of a Danish TIMES version; which eventually became TIMES-DK. Finally, in
favor of the use of the TIMES modeling framework was also the preliminary experience
from Portugal and Sweden. Within these countries, national TIMES models were in the
process of being soft-linked with multi-sectoral CGE models; see Fortes et al. (2014) and
Krook-Riekkola et al. (2017) for additional information.

Reflecting on the experience gained developing IntERACT and writing this thesis,
criteria 2, 3, and 10 are likely the most important when choosing a bottom-up model.
Criterion 2, because the IntERACT model benefited greatly from the data-driven model
structure associated with the TIMES modeling framework. That is, the structure of
a TIMES model is ultimately defined by the data input provided by the user (Loulou
et al., 2016a, pg. 22). This flexibility has made it possible to rely on the same sectoral
and energy service aggregation across the CGE sub-model and TIMES-DK. This cor-
respondence between sectoral aggregation in the top-down and bottom-up models is a
fundamental challenge when linking top-down and bottom-up models (e.g., Fortes et al.,
2014; Krook-Riekkola et al., 2017; Helgesen et al., 2018).

Criterion 3, because relying on energy service demand as a driver in the bottom-up
model creates a clear division of labor between the top-down and bottom-up models.
The bottom-up model determines the technologies supplying the energy service demand
and the cost of energy services. While the top-down model, based on energy service cost
from the bottom-up model, determines the demand for energy services.

Finally, without ownership over the model (criterion 10), it would have been difficult
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to change and adjust the model to facilitate the linking with the CGE-model. This
ownership criterion also ties in with the discussion in Wilson and Swisher (1993) on the
difference in language, culture, and dogma associated with each discipline. Ownership
over both the top-down and bottom-up models has allowed the team working on IntER-
ACT, to move incrementally towards a common language and a shared understanding
of the interaction between the economy and the energy system. While simultaneously,
avoiding barriers associated with distributed model ownership across different organiza-
tions.

2.5. From soft-linking to hard-linking

Wene (1996) provides a relevant supplement to the discussion of linking methodologies
in Paper-II. Wene (1996) defines linking methods in terms of informal (soft-link) and
formal linking (hard-link). Within a soft-link, the user controls information and data
exchange. Much like the link between STREAM and ADAM, MiniDREAM discussed
in Section 2.1. A hard-link transfers information using computer programs without user
judgments. Wene (1996) summarizes the advantages of a soft-link in terms of practicality,
transparency, and learning. Whereas, the benefit from a hard-link is control, uniqueness,
and productivity. Helgesen and Tomasgard (2018) provides an illustrative depiction of
the different variants of hybrid models, based Wene (1996), here reproduces as Figure
2.2.

Within the Wene(1996) definition, the development of the IntERACT model reflects
in part the evolution from a soft-linking method into a hard-link approach. Initially,
relying on a cumbersome manually data exchange routine, which has now evolved into a
fully automated iterative linking routine. This thesis has contributed to the move from
soft-link to hard-link. In particular, by developing and applying the methodology behind
the IntERACT model; as described in Paper-II.
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Figure 2.2.: Hybrid model variants
Source: Helgesen and Tomasgard (2018)
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Concepts applied

This section describes the concepts applied in this thesis. The intention is to present
how each concept has been interpreted in the text.

3.1. Energy services

Figure 3.1 provides a conceptual framework for understanding the role of the energy
system in converting primary energy (ultimate means) into human welfare (ultimate
end). Within this framework, energy services are an important foundation for a lifestyle
that provides welfare to human beings1. Following Nørg̊ard (2000) energy services may
be understood as the last quantifiable link in the energy chain from primary energy
towards welfare. Examples of energy services within this thesis include comfortable
indoor climates, electric appliances (including lighting), high-temperature process heat
for industrial sectors. These energy services are provided directly to the user by using
end-use technologies, converting the secondary (or final) energy into energy services.

The energy service concept applied in this thesis is a mix of physical and energy units.
Residential heating service is defined in terms of heated square meters of housing. Resi-
dential electric appliances service is measured in terms of the stock of electric appliances.
Whereas, energy services for industrial sectors are defined in terms of useful energy, i.e.,
energy after accounting for the conversion loss associated with end-use technologies. Fi-
nally, the modeling framework used in this thesis also measures all energy services in
monetary units in order to capture the welfare effect.

3.2. Energy efficiency

The goal of energy efficiency is to reduce the amount of energy required to provide prod-
ucts and services. Figure 3.1 highlights that the overall efficiency of the energy system is
determined by the net effect of lifestyle, end-use, and supply-efficiency. Although supply
efficiency has historically been an important source of efficiency and lifestyle changes
(e.g., towards vegetarian eating or tiny living) could be an important part of future en-

1Within this thesis the lifestyle choices and welfare impact is captured using the CGE sub-model and
its neoclassical utility theory.
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Figure 3.1.: The energy system converting the primary energy (ultimate means) into
energy services, is here extended with the lifestyle system, which turns the
services into the welfare

Source: Nørg̊ard (2000)

ergy efficiency improvements these are not considered within this thesis. Instead focus
within this thesis is on end-use efficiencies for residential and industrial sectors.

Figure 3.2 highlight different concept of energy efficiency based on top-down perspec-
tive (Koopmans and te Velde, 2001). Starting from the highest level of energy efficiency,
a bottom-up analyst may argue that a certain number of investments in energy effi-
ciency are technically possible (level T) whereas only part of this technical potential is
profitable for society (level E). However, when adjusting for non-market failures (like
the time or risk preferences of households (Schleich et al., 2016a)), fewer investments in
energy efficiency are profitable (level E*). Finally, accounting for market failures, e.g.,
limited information, still fewer investments will be achieved than are economically effi-
cient (level A). As such, level A represents the level of efficiency actually achieved within
a business-as-usual. The modeling of energy efficiency within this thesis encompasses all
of these four different concepts of energy efficiency.
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Figure 3.2.: The efficiency concepts
Source: Koopmans and te Velde (2001)

As a supplement to Figure 3.2 the move from E to E* and E* to A would, if considered
with a top-down model, also account for demand rebound effects. Reflecting in part the
distinction between energy efficiency improvements and realized energy savings. In case
the energy efficiency improvements lead to cost savings, then some of the cost savings
may be used to increase the demand for energy services; thereby reducing the level of
realized energy savings.

3.3. The discounted total system cost

TIMES models are usually applied to the analysis of the complete energy system (Loulou
et al., 2016a). Figure 4.1 offers a conceptual representation of the typical TIMES mod-
eling framework, in the sense that most TIMES models include the modeling of primary
energy and secondary energy use, as well as energy services supplied. The TIMES mod-
eling framework can further be extended to cover lifestyle and welfare elements; e.g., by
applying simplified one sector general equilibrium module (Remme and Blesl, 2006) or
applying damage cost functions to specific emissions (Loulou et al., 2016b). The objec-
tive of TIMES models is to minimize the total discounted cost of the energy system cost
over the modeling horizon Loulou et al. (2016a). The typical TIMES model computes a

31



Chapter 3. Concepts applied

total net present value (NPV) of the stream of total costs for each region (r) and each
year (y); see Equation 3.1 (based on Loulou et al. (2016a), p. 62).

min NPV = min
R∑

r=1

∑

y∈Y EAR

(1 + dr,y)REFY R−y ·ANNCOST (r, y) (3.1)

where:

NPV is the net present vale of the total cost for all regions
ANNCOST (r, y) is the total annual cost in region r and year y;
dr,y is the general discount rat;
REFYR is the reference year for discounting;
Y EARS is the set of years for which there are costs, including all years

in the horizon, plus past years (before the initial period) if costs
have been defined for past investments, plus a number of years
after EOH where some investment and dismantling costs are
still being incurred, as well as the Salvage Value; and

R is the set of regions in the area of study.
Y is the set of years of study.

ANNCOST (r, y) includes the following cost elements: (i) capital costs incurred from
investment in and/or dismantling processes; (ii) fixed and variable annual operation and
maintenance costs; (iii) costs and revenues associated import and export of commodi-
ties to regions outside the model (iv) commodity delivery costs (v) taxes and subsidies
associated with commodity flows, process activities or investments (vi) salvage value of
processes and embedded commodities at the end of the planning horizon; Damage cost
from a certain type of pollution, welfare loss from reduced end-use demands are some
of the additional cost elements that can be included in the TIMES modeling framework
Loulou et al. (2016a). dr,y is the general discount rate; it determines how future costs
and benefits compare against current cost and benefits within the cost minimization. A
higher discount rate leads to future benefits and costs being weighted lower relative to
present benefits and costs. All cost components within ANNCOST (r, y) are discounted
to a specific reference year REFYR.

To include capital costs (such as investment) into the total annual cost, these are first
transformed into streams of annual payments, computed for each year of the horizon.
Within a standard TIMES model, this conversion is done using the general discount rate,
whereas the TIMES modeling framework also offers the options to include technology-
specific discount rates. The use of technology-specific discount rates or hurdle rates
makes it possible to adjust the minimum rate of return required for investment in a
specific technology or process.
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3.4. Hurdle rates

The investment behavior of households depends on numerous factors, e.g. individual
preferences, rationality constraints and external barriers, which include lack of informa-
tion and limited access to capital (e.g., Jaffe and Stavins, 1994; Sorrell et al., 2004).
Quantitative analyses have shown that the discount rate implicit in households’ invest-
ment decisions for efficiency improvements is often an order of magnitude higher than
the opportunity cost of capital or market interest rate (e.g., Burlinson et al., 2018).
Within energy-economy models, high implicit discount rates are widely used as a proxy
to simulate the (slow) adoption of energy efficiency investments in the residential sector
(Schleich et al., 2016b). In the modeling context, this behavioral parameter is referred
to as ‘hurdle rate’, which is also the concept applied within this thesis, to capture the
actual investment behavior for households.

For firms, the use of hurdle rates in this thesis further reflects the minimum rate of
return on the investment required by a manager or investor. This hurdle rate definition
reflects how hurdle rates (or technology-specific discount rates) are modeled within the
TIMES modeling framework. In case the technology-specific discount rate is equal to the
general discount rate used in TIMES, the stream of annual payments over the economic
life of the technology is equivalent to the initial lump sum investment, as both have
the same discounted present value. If, however, the technology-specific discount rate is
chosen different from the general discount rate, the stream of annual payments has a
different present value than the lump sum investment. The TIMES modeling framework
accounts for this difference by multiplying the investment with a capital correction factor
presented in the following equation (from Loulou et al., 2016b, p. 166).

1 + P =
CRFs

CRF
=

(
1 − 1

1+is

)(
1 − 1

(1+i)Elife

)

(
1 − 1

1+i

)(
1 − 1

(1+is)Elife

) , (B.1)

where we have used the following abbreviations.

CRFs Capital recovery factor for the technology specific discount rate
CRF Capital recovery factor for the general discount rate
P Technology-specific investment premium
is Technology-specific discount rate
i General discount rate

Elife Economic life of the investment

The capital recovery factor is the ratio of a constant annuity to the present value of
receiving that annuity for a given length of time. Equation B.1 captures the difference
in capital recovery factor between the technology-specific discount rate and the general
discount rate, i.e., the difference in net present value between applying the general dis-
count rate and the technology-specific discount rate to a future payment stream. Hence,
applying a technology-specific hurdle rate within the TIMES modeling framework corre-
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sponds to adding a premium on top of the lump-sum investment of a technology before
the investment is annualized using the general discount rate.

3.5. Cost of capital

Capital cost in CGE models is based on the monetary flows from the national account
statistics for a historical year. Depending on the quality of the national account statistics,
both information on the cost and the stock of capital may be available at a detailed
sectoral level. Six types of stocks of capital are available from the Danish National
Accounts, which relates to industrial activity. However, neither of these stock can be
pin-pointed as exclusively relating to the energy system. Hence, information is not
available in terms of how large a share of capital cost in the CGE relates to energy
service production in historical years.

Unlike CGE models, TIMES models usually do not contain information on the capital
cost for historical years. Rather capital cost associated with the existing stock of energy
service capacity is often disregarded and considered to be sunk cost. Within TIMES
models capital cost reflects the investment in new capacities and technologies. As such,
the capital cost within TIMES models is determined by the stream of annual payments
associated with new investment in the energy system. This stream is determined by the
initial lump-sum investment, the economic life-time of the investment and the choice of
hurdle rate (or the general interest rate in the absence of a user-defined hurdle rate).

It is important to keep this conceptual difference in mind, i.e. the difference between
the cost of capital in a CGE (based on monetary flows in a historic year) and the cost of
capital in TIMES (lump-sum investment transformed into streams of annual payments
for future years). Overcoming this conceptual is one of the key contributions of Paper-II.
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Integrating energy services demand into the
CGE model

From an early stage of the IntERACT model development, the conceptual idea was
that the TIMES-DK sub-model should determine the cost of energy services based on a
technical optimization of energy service supply, whereas the CGE sub-model based on
these costs should determine the energy service demands. This conceptual idea required
the integration of energy service demand into the CGE-model. This chapter describes
several aspects related to energy service demand modeling in the CGE sub-model and
how it links to TIMES-DK. Section 4.1 focuses on the introduction of energy service
demand for industrial sectors into the CGE sub-model. Section 4.2 considers how the
industrial energy service mapping by the CGE sub-model further has been pivotal for
the hard link with TIMES-DK. Section 4.3 discusses the need to model both income and
substition elasticities when it comes to residential energy service demand behavior.

4.1. Integrating energy service demand into the CGE model for
the industrial sectors

CGE models rely on aggregated statistical data from national account statistics. Within
a CGE model, this data is typically represented using a social account matrix (SAM).
The SAM captures the flows of monetary value for a particular year, assuming that the
monetary flows reflect an economy in equilibrium (Sue Wing, 2008). Figure 4.1 offers a
schematic representation of the social accounting matrix. The SAM captures the use of
intermediate input in industry processes (matrix X), the use of non-reproducible primary
factors such as labor and capital (matrix V ) and several final demand categories such as
households, government, and export (matrix G). The organization of the SAM reflects
the principle of double-entry book-keeping. For each industry in the SAM, cells across
a row reflect the value of sales of industry output. The cells down the column represent
the value of inputs to production. The equality of the row and column sums reflects that
the value of commodity output is equal to the sum of the values of the inputs used in
its production (Sue Wing, 2008).

Table 4.1 depicts the SAM used in the version of the IntERACT model used for Paper
III and IV. Compared to the schematic representation of the SAM, Figure 4.1 also
includes a detailed disaggregation of fuel production, fuel use, and fuel taxes. Despite
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Figure 4.1.: Schematic repreentation of a social accounting matrix
Source: Sue Wing (2008)

the rich representation of energy input and output by sector, Table 4.1 does not capture
the energy service demand associated with the energy use by industry, reflecting that
national account statistics do not contain this type of detail. To bridge this gap between
sectoral fuel demand and sectoral energy service demand, the Danish Energy Agency
initiated a bottom-up study. The resulting study, Maagøe (2015), maps fuel use for 57
sectors into 23 types of energy end uses. Tabel 4.2 illustrates the output of the study
for the agricultural sector. Based on Table 4.2 around 93% of LPG (by energy content)
in the agricultural sector is currently being used for drying, whereas the remaining 3%
is used for haulage.

Of principal importance, from the perspective of the CGE sub-model, is that the 57
sectors in the study are based on sectoral definitions from the national accounts statistics.
Thereby facilitating the use of the resulting mapping directly in combination national
account data used to construct the SAM used by the CGE sub-model (i.e., Figure ??).
The mapping is used by presuming that if 93 % of LPG (by energy content) in the
agricultural sector is used for drying, then 93 % of the monetary flow of LPG within the
agricultural sector is used for drying, etc.

Within the current version of IntERACT, the number of energy end-uses is aggregated
from 23 to 6 energy services, whereas 57 sectors in the study have been aggregated down
to 10. This aggregation has been made in part to reduce computational time and in part
to reduce the complexity of the IntERACT model. Tabel 4.3 and 4.4 in the appendix to
this chapter showcase the sectoral and energy service aggregation used by IntERACT.
The flexibility of the data structure makes it easy to revise the aggregation and make a
new model version based on another sectoral and energy services aggregation.
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Table 4.1.: Social account matrix reflecting monetary flows in the year 2015 for the Danish Economy (billion 2015-DKK)
Source: Danish National and Energy Accounts, Statistics Denmark



Table 4.2.: Illustration of energy service mapping used by IntERACT: Share of fuel by energy contentfor energy end use by energy carrier for the agricultural sector (010000)
Source: Maagøe (2015)



4.2. The industrial energy service mapping

4.2. The industrial energy service mapping

Having introduced the energy service demand into the CGE sub-model, the same energy
service structure is used to calibrate energy service supply within TIMES-DK. Calibrat-
ing TIMES-DK involves endowing the model with fuel-specific energy service capacities
such that the stock of these in combination with efficiency and availability assumption
matches fuel demands by each sector and each service from the energy service mapping.

The definition of industrial energy services within IntERACT is different from the
one used in numerous existing energy system models, where energy services are at least
partially defined in terms of commodity output; such as tonnes of cement or tonnes of
steel demanded. With relatively few large energy-intensive firms in Denmark, modeling
the actual material output has limited potential. However, a more general observation
is that using a commodity-specific definition of energy services limits the scope for cre-
ating a consistent link between an energy system model and a CGE model. Part of the
reason is that national account statistics (the foundation of many CGE models) aggre-
gates firms across several such energy service commodities. This is in part to avoid the
concern of accidentally sharing confidential firm-specific data1. Hence, when relying on
a commodity-specific energy services definition within a bottom-up model, it becomes
difficult to build a consistent link to a CGE model; as each sector may be producing
more than one energy service commodity. To summarize, the sectoral definition of en-
ergy services within IntERACT is vital for understanding the level of consistency of the
hard-link method.

4.3. Integrating residential energy service demand into
IntERACT

In some sense, modeling energy service demand and supply for the residential sector
is less of a challenge compared to industrial sectors. From a conceptual point of view,
households demand three types of relatively well-defined energy services: heating, electric
appliances and mobility. From a data point of view, fuel use associated with these
three services is readily available from statistical sources. Hence the key challenge when
modelling the residential sectors was to decide on (i) what level of technical detail to
include in TIMES-DK and (ii) how to model the energy service demand behavior.

Paper I provides a summary of the technical detail included in TIMES-DK, whereas
this section focuses on how the CGE sub-model determines energy service demand.
Within the CGE sub-model welfare is determined for a single representative household
maximizing utility subject to a budget constraint. The household gains utility from
consuming various goods and services, and the household receives income from capi-
tal rents and wages paid by firms. Updating the cost of residential energy services in
the CGE sub-model (based on TIMES-DK) affects the demand decision within the CGE

1For illustration, within the Danish national account statistics, the concrete sector includes both the
manufacturing of concrete and bricks.
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Chapter 4. Integrating energy services demand into the CGE model

model through two types of elasticities i) an income elasticity and ii) substitution elastic-
ity. The substitution elasticity measures the availability of substitutes for the particular
good. Whereas the income elasticity of a good reflects the extent households increase
their consumption of the good as the incomes rise. For luxury goods, the income elastic-
ity is above one, and consumption increases more than proportionately to income. For
normal goods consumption increases by less than proportionately to income, reflecting
an income elasticity between 0 and 1.

Fouquet (2014) has conducted perhaps the most formidable study related to residential
energy service demands. In this study, Fouquet (2014) estimates the evolution of price
and income elasticities for light, heating, and transport from 1800–2010 within the United
Kingdom. He finds that income and price elasticities have been subject to significant
variation across a 200-year horizon. The income elasticity for lighting and electricity
peaked at 3–4 in the late 19th century, and has then gradually reduced to below unity
from the mid 1960’ties. The income elasticity for heating demand peaked at 2.3 in the
early 19th-century, after which it has been steadily declining trend towards 0.7. These
trends for the income elasticity likely reflect saturation effects, i.e., implying that with
higher income, consumption of energy services will eventually increase only moderately.
The level of price elasticity has also varied considerable over the past 200 years, between
-0.2- and -1.5. The period from 1975 saw a parallel reduction in the price elasticity of
residential heating demand (from -1.0 to -0.2).

Although the effects found in Fouquet (2014) are not necessarily transferable to a Dan-
ish context, the study points towards the importance of modeling both income and price
effect when determining future residential energy service demand. In this regard, the
standard nested CES-function, which was initially chosen to represent household utility
function within IntERACT, had an apparent weakness. Namely that income elasticity
for all good and services within a CES-function are one (Keller, 1976), i.e., that budget
share of different commodities remain constant as disposable income changes. Hence, to
facilitate the modeling of commodity-specific income elasticities, a nested Stone-Geary
functional form was chosen to represent household utility function in IntERACT. For-
mally the Stone Geary utility function means that a certain minimal level (Γ) of a given
good has to be consumed, irrespective of its price or the consumer’s income. Reflecting
that this minimum consumption does not formally provide utility. For illustration with
two consumption goods the Stone-Geary utility would look like U = U(C1−Γ1, C2−Γ2).
Within this framework, assuming a positive Γ reflects an income elasticity of less than
one, specifying a negative Γ (negative minimum consumption) reflecting an income elas-
ticity greater than one, i.e., corresponding to a luxury good.
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4.3. Integrating residential energy service demand into IntERACT

Figure 4.2 in the appendix to this chapter display the income and substitution elastic-
ities used in the current version of IntERACT (as of June 2019), including the nesting
structure of the utility function. In addition to income and substitution, the Figure
4.2 also includes the implied own-price elasticities associated with each commodities.
Thomsen (2019) provides further detail on how income and substitution elasticities have
been estimated for a nested Stone Geary demand system for Denmark, whereas Paper-
III provides detailed on the calibration of the own-price elasticity and income elasticity
for heating service demand.
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Chapter 4. Integrating energy services demand into the CGE model

4.4. Appendix

Table 4.3.: IntERACT energy service mapping

IntERACT energy services Energy end uses

High temp. heat Firering/Sintering
High temp. heat Melting/Casting
High temp. heat Other process heat above 150 C
Medium temp. heat Heating/boiling
Medium temp. heat Drying
Medium temp. heat Dewatering
Medium temp. heat Destilation
Medium temp. heat Other process heat up to 150 C
Internal transport Haullage
Room heating Spatial heating
Room heating Energy consumed by heat pumps
Light and electronics Lighting
Electric motors Pumping
Electric motors Spatial cooling
Electric motors Cooling/freezing (excl spatial cooling) & electric motors
Electric motors Spatial ventilation
Electric motors Ventilation/fans
Electric motors Compressed air (pneumatics)
Electric motors Hydraulics
Electric motors Other electric motors
Light and electronics IT and other electronics
Light and electronics Light and electronics
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4.4. Appendix

Table 4.4.: IntERACT sectoral aggregation for energy service demand sectors

IntERACT sector aggregation Statistics Denmark NR117 Aggregation

Agriculture, forestry and fishing 010000:030000
Cement and non-metallic minerals 080090; 230010:230020
Commodity production 130000:180000; 310000:330000
Chemical industry 200010:220000
Food industry 100010:120000
Electronics, motors & metal manufacturing 240000:300000
Construction 410009:430004
Wholesale and retail trade 450010:470000; 950000

Private services

550000:590000; 610000:680010; 680030;
690010:720001; 730000:820000; 840021;

850041; 860020; 90000:910001;920000:930011;
960000

Public services
600000; 720002; 840010; 840022;850010:850030;
850042; 860010; 870000:880000; 910002; 930012

Note: Colon defines the range so 010000:030000 is all NR117 sectors from 010000 to 030000.
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Figure 4.2.: Nested utility function of the representative household in the CGE sub-model
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Chapter 5.

Reflections on uncertainties

Uncertainty analysis, in the form of Monte Carlo simulation, has proven to be a vital
tool for quantifying uncertainty and testing the properties of the IntERACT model. This
chapter describes two cases of Monte Carlo analysis, which have been carried out in the
course of the Ph.D. studies. The first case applies Monte Carlo analysis to the CGE sub-
model alone. This case considers the deadweight loss associated with different tax policy
instruments (labor tax, and tax on electricity for households and firm consumption). The
second case considers TIMES-DK alone, quantifying uncertainty related to residential
electricity use for heating service.

5.1. Robustness of the deadweight loss from tax instrument

This section reflects work done as part of a Ph.D. course in uncertainty analysis in
the autumn of 2016. At the time, a debate was raging in Denmark on whether to
continue to finance renewable energy using a surcharge on electricity, or whether using
a tax instrument with a broader base could reduce distortionary cost (deadweight loss)
associated with the financing of renewable energy. CGE models have been widely used
to evaluate and quantify the effects of such tax policy reforms. Sensitivity analysis offers
a path for a better understanding of both model properties and results by looking at the
impact of input parameter variation on the modeling output.

This section starts with a discussion on the closure rules used to define how the CGE
model reaches equilibrium. Next, this section introduces the concept of deadweight loss
and highlights the deadweight loss associated with the model results for the preferred
input parameter values. Then the section discusses the choice of parameter variation
for the Monte Carlo analysis. After this, results from the Monte Carlo analysis are
presented. Finally, the section concludes by discussing the benefits of using Monte Carlo
concurrently with the development of a new model.

5.1.1. Closure rules

The CGE model computes the equilibrium prices of capital, labor, goods, and services
simultaneously to clear all markets. The primary data inputs are national accounts
statistics for the Danish economy for the year 2012, along with energy accounts (Danish
National and Energy Accounts, Statistics Denmark). A set of so-called closure rules
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Chapter 5. Reflections on uncertainties

governs the CGE model. The bullet points below give a summary of central closure
rules related to foreign trade, factor markets, savings and investment, and government
budget balance. In short, closure rules reflect the choice of exogenous variables among
all the variables in the model (Hosoe et al., 2010).

• Savings and investment: Both investment and savings are exogenous to the
model, and does not change following a policy shock.

• Foreign trade: A fixed trade balance is assumed. Domestic price level adjusts
to maintain equilibrium between payments to and from other countries. Domestic
and foreign goods are presumed to be imperfect substitutes. The extent to which
goods compete depends on the so-called Armington elasticities.

• Factor markets: Three categories of factor markets exist: Labor, machine capital,
and building capital. The labor market is homogeneous, with endogenous labor
supply. Capital is homogeneous except for the North Sea oil production sector,
dwellings, and sea freight. The growth of these sectors is determined exogenously
controlling sector-specific capital.

• Government: The government consumes a basket of goods and services. It is
subject to a budget constraint. Government revenue comes from labor tax, product
taxes, value-added taxes, and energy taxes. The government budget balance is
maintained using a residual lump-sum tax instrument.

5.1.2. Macroeconomic cost of tax policy instrument

When the government raises additional revenue, there is a loss to society due to the
distortion of resource allocations caused by the additional taxation. Economists often
refer to this loss as the deadweight loss from taxation. At the root of deadweight loss
is the behavioral response to the tax increase. For example, an increase in tax on
labor, will, to some extent, reduce the labor supply by making leisure less expensive.
A smaller labor supply reduces revenue from the existing labor taxes. And in turn,
it also reduces the overall economic activity leading to additional revenue losses from
production taxes and value-added taxes. A lower level of economic activity will reduce
income and consumption, leading to a reduction in consumption taxes as well. The
difference between the mechanical revenue effect from increasing a tax rate and the
actual revenue gain after accounting for the behavioral response is one way to capture
deadweight loss (Salanie, 2011). The key benefit of using a CGE model is that it makes
it possible to captures these reverberating effects from the behavioral response.

Within this section, we consider three different tax instruments. We calibrate the
increase in the tax instrument to raise additional revenue of one billion 2012-DKK (the
mechanical revenue effect). However, due to the behavioral response, the actual revenue
gain will fall short of the one billion 2012-DKK. The government budget balance condi-
tion allows us to measure the actual revenue gain from the tax increase. Since government
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5.1. Robustness of the deadweight loss from tax instrument

consumption stays fixed, the residual lump-sum tax will return the actual revenue gain
to the household. From a conceptual point of view, this lump-sum transfer reflects the
size of the additional revenue available to the government for either consumption or
re-allocation.

Defining the deadweight loss as the revenue gain minus the mechanical revenue effect,
table 5.1 illustrates the deadweight loss associated with each tax policy instrument for
the CGE model based on the preferred parameter input. Increasing the labor tax is
associated with a deadweight loss of -0.34 billion DKK. Surprisingly, the deadweight loss
from an additional charge on household electricity use was lower than for a labor tax.
This results seemed less intuitive, as the broad base represented by labor tax should
result in less behavioral distortion and hence a smaller deadweight loss. Finally, raising
an additional billion by taxing electricity use of firms was found to have the highest
marginal excess burden; leading to the loss of almost half of the mechanical revenue
effect. This result was as expected since a tax on electricity input distorts the production
decision of firms, leading in turn to higher output prices, less activity, less consumption,
and less tax revenue.

Table 5.1.: Deadweight loss from different tax policy instruments (billion DKK)

deadweight loss

Labor tax -0.34
Tax on household electricity use -0.29
Tax on industrial electricity use -0.47

Source: These model results are based on an earlier version of IntERACT which was
used as part of a Ph.D. course in uncertainty analysis in 2016

5.1.3. Choice of parameter variation for the Monte Carlo analysis

Within the CGE model, a number of critical parameters determine the behavior of firms
and households. This includes substitution elasticities, which reflect the ease with which
inputs into the production of firms and the consumption of households may substitute
each other. Consider an increase in tax on household electricity consumption. If the
substitution elasticity is low, then an additional tax on electricity will only have a limited
behavioral effect in terms of reducing the demand for electricity. And in this case, the
deadweight loss from taxation will be relatively minor. In an ideal world, these behavioral
input parameters would be estimated empirically. In practice, this may be difficult due
to the lack of time-series information related to a number of inter-related parameters.
However, uncertainty about the choice of parameters should be quantified in terms of
the terms of uncertainty about modeling output. Monte Carlo sensitivity analysis offers
several attractive features in terms of understanding the robustness of the CGE model
in light of parameter uncertainty:

• choice specific distribution for each parameter, either reflecting econometric esti-
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mation or the judgment of the researcher.

• allow for correlations between the sampling for different parameters,

• sample each parameter based on the chosen distribution and correlations, and then
run the simulation exercise many times

The bullets below discuss key behavioral parameters within the CGE model and their
preferred model values:

• Leisure – labor elasticity: This elasticity describes substitution between leisure
and labor/consumption as a function of the real wage. The preferred value (1.2)
reflects the recommendations set by the Danish Ministry of Finance. This value
is, however, somewhat contested and is judged to reflect a possible upper bound.
Hence, the Monte Carlo analysis considers a uniform distribution between [1;1.2].

• Consumption elasticities: Six consumption substitution elasticities capture the
substitution between the seven primary consumption goods. These elasticities do,
to a large extent, determine the consumption choice of households, including house-
holds’ demand for heat service and appliance services (services that in turn demand
electricity). At the time of the study (the year 2016), these elasticities had not
been estimated independently for IntERACT based on time-series data. Instead,
the preferred parameter values were inferred from the ADAM model (?). The
Monte Carlo analysis considers a triangular distribution to capture the extremes
of the distribution. The minimum and maximum of the triangular distribution
correspond to 75 % and 125 % of the preferred value.

• The fuel substitution elasticities: This CGE model includes] This elasticity
captures the ease with which electricity can be substituted with other fuels when
consuming different energy services by firms and household. When sampling a
uniform distribution between [0;1] is used.

• Substitution elasticity between capital and fuels: This elasticity reflects the
ease with which capital can be substituted with fuel inputs. The preferred values
are based on econometric estimation. A minimum and maximum of the triangular
distribution corresponding to respectively 75 % and 125 % of the preferred value.

• Armington-elasticities: A high Armington elasticity reflects a high level of com-
petition between Danish producers and their foreign competitors. A preferred value
of 4 is assumed for all 20 sectors of the CGE model. Sampling is done based on a
normal distribution with a standard deviation of one and using the preferred value
as mean. Presuming that the Armington elasticities for different sectors will de-
pend partly on the overall competitive trend of the Danish economy, a covariance
of 0.85 is assumed between the 20 sectoral Armington elasticities. A few negative
samples from the normal-distribution have been removed by setting these equal to
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zero. A possible alternative would be to choose a smaller standard deviation or a
non-negative distribution like a Chi-squared distribution.

Table 5.2 summarizes the assumed parameter variation, and the choice of distributions
and co-variances.

5.1.4. Results: Deadweight loss

Figure 5.1 illustrates the variation in the deadweight loss based on the Monte Carlo
analysis. The overall ranking of deadweight loss for each policy instrument has not
changed compared to the CGE model based on the preferred parameter input. Taxing
a firm’s electricity use is still significantly more expensive, whereas taxing household
electricity consumption is least expensive. Comparing the Monte Carlo analysis with
the ’Preferred-Value’ model run we see that mean for the deadweight loss for labor tax
and household electricity tax is somewhat smaller in the Monte Carlo analysis compared
to the ’Preferred-Value’ model. This reflects variation in the Leisure-Labor elasticity,
which is the only parameter set at its upper bound in the ”Preferred-Value” model
run. This result also makes economic sense, as lower elasticities imply less behavioral
response when real wage rate changes, and with less behavioral response follows a lower
deadweight loss. Figure 5.2 captures the additional deadweight loss associated with
choosing an income tax instrument over the household electricity tax instrument for a
given parameter variation. The additional deadweight loss ranges from 2 to 60 million
DKK, although a small difference was still an unexpected result.

5.1.5. Summary

This section has discussed how Monte Carlo analysis was used to determine the uncer-
tainty related to deadweight cost associated with different tax policy instruments. The
main contribution of this work has been that it identified a likely model weakness related
to the demand response for residential electricity use. A weakness reflected in the finding
that the deadweight loss from an additional tax on electricity demand was lower than
from an additional tax on labor. This finding, lead to the initiation of a separate study
that estimated income and substitution elasticities for the representative household in
the CGE sub-model; see Thomsen (2019).

The importance of modeling residential electricity demand behavior also intensified
the effort to improve the modeling of residential heating supply within the TIMES-
DK model. In turn, this reflected a shift in research focus away from issues of public
finance towards research focusing on improving the modeling of energy service demand
and supply. As a consequence, it was decided to reduce the complexity of the CGE
sub-model, making labor supply exogenous. This decision is reflected within the papers
of this thesis, as these do not consider labor supply effects.
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Table 5.2.: Choice of parameter variation for Monte Carlo analysis
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Figure 5.1.: Distribution of deadweight loss from different tax instruments

LaborTax HouseElecTax FirmElecTax

Preferred Values Mean -0.34 -0.29 -0.47

Monte Carlo Mean -0.32 -0.28 -0.47
sample size = 10000 Max -0.37 -0.32 -0.57

Min -0.26 -0.23 -0.38
Std -0.01 -0.01 -0.02

Source: These model results are based on an earlier version of IntERACT which was
used as part of a PhD course in uncertainty analysis

5.2. Uncertainty related to residential heating supply in the
TIMES-DK model

This section is based on a presentation at the 72nd semi-annual ETSAP meeting in 2017.
The background for the Monte Carlo analysis was a policy proposal to reduce the tax on
electricity use for space-heat in households and industry. Reducing the tax on electricity
for heating was seen as a means of promoting the adoption of electric heat-pumps for
room-heat in households and industry.

Considering such a policy within a model like TIMES-DK is straight forward, by simply
introducing the tax reduction into a model scenario; and comparing the results to the
same scenario without the tax reduction. However, such a simple scenario analysis does
not provide insight in terms of the sensitivity of model results to central input parameters;
such as fuel prices, technology cost, and demand drivers. This was particularly an issue
for the TIMES-DK around 2017. Since being a new and relatively untested model, results
were met with a level of skepticism. Faced with this environment, using uncertainty
analysis was seen as a way of testing the robustness of the model results and through
this build confidence in TIMES-DK and the results.

This section provides a short discussion of the choice of input parameter variation for
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Figure 5.2.: deadweight loss difference: Tax on household electricity use vs Labour tax
for a given distribution of parameters

Source: Model results are based on an earlier version of IntERACT which was used as
part of a PhD course in uncertainty analysis

the Monte Carlo analysis, considering uncertainty in terms of residential electric demand.
Finally, the section summaries in terms of the lessons learned from apply Monte Carlo
Analysis in this case.

5.2.1. Choice of parameter variation for the Monte Carlo analysis

A key focus of the Monte Carlo analysis was on quantify uncertainty with respect to elec-
tricity demand for room-heating heating in the household. It was judged that uncertainty
with respect to electricity demand within TIMES-DK, emanated from two exogenous as-
sumptions model assumption: i) the price of electricity and ii) the cost-effectiveness of
heat-pump technologies.

Denmark is primarily a price-taker in the electricity market. The future spot price of
electricity in Denmark will hence largely depend on the future capacity mix of neigh-
boring countries. For the purpose of the Monte Carlo uncertainty analysis, variation in
the electricity future Danish electricity prices was based on the scenario form the Danish
Energy Agency’s RAMSES model. Based on RAMSES, two different scenarios for the
North European power system; green and black. The green scenario with a high share
of renewable electricity in the north European power mix resulted in a relatively low
price of electricity around 2.7 2017-DKK/kWh in 2030 whereas the black scenario with
less renewable energy resulted in a price around 3.8 2017-DKK/kWh. Based on this
study sampling for the Monte Carlo analysis was done relying on a normal distribution
assuming a mean electricity price of 3.25 2017-DKK/kWh and a deviation reflecting a
95%–confidence interval between [2.70; 3.8] 2017-DKK/kWh.
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To capture the role of the cost-effectiveness of heat pumps, variations in the COP
(coefficient of performance ) factor was chosen. For an electric heat-pump, the COP
factor reflects the ratio of useful heating to electricity input. A higher COP equates
to lower operating costs. The choice of COP factor for various heat pump technologies
was based on the Danish Energy Agency’s Energy Catalog (Danish Energy Agency and
Energinet, 2016). However, the realized COP factor varies significantly from location
to location. Based on samples from demonstration projects, the standard deviation of
the COP factor was estimated to be around 0.145 (Insero Energy, 2015). This standard
deviation was translated into a confidence interval for the total stock of heat-pumps;
resulting in the upward and downward adjustment of the COP factor by 5%.

A negative correlation between the electricity price and the COP factor was assumed
to ensure that the sampling reflected extreme outcomes. As a low COP combined with a
high COP (and vice versa) would stand the best chance of capturing the possible range
of electricity demands. The choice of a negative correlation between the COP factor
and the electricity price was further used as an argument for choosing a relatively small
sample size (n = 50). The choice of small sample size in part reflected that running each
sample on three scenarios (baseline, tax reduction 0.20 DKK/kWh, tax reduction 0.25
DKK/kWh) took 15 minutes on an office workstation.

5.2.2. Results: Residential electricity use for heating service

Figure 5.3 illustrates the sensitivity of residential electricity consumption to uncertainty
in electricity price and the COP-factor. The baseline scenario (no tax change) is partic-
ularly sensitive to this variation. Going from the combination of a relatively high elec-
tricity price with a relative low COP to a combination of a low electricity price and high
COP leads to a jump in the future demand for electricity by 0.6 PJ (from around 5.9 PJ
to 6.5 PJ). This reflects that below the threshold (high electricity price and low COP)
biomass boilers and natural gas will be the cost-optimal solution; whereas above the
threshold (low electricity price and high COP) heat-pumps will be the cost-competitive
option.

Reducing tax on electricity by 0.20 or 0.25 DKK/kWh, increases electricity consump-
tion to between 6.7–7.4 PJ in 2030, depending on the COP and electricity price. It is
interesting to note that the variation in electricity demand is smaller when reducing the
tax on electricity. This reflects that a tax reduction makes optimization less sensitive to
variation in the price of electricity and the COP-factor.

It is further interesting to note the substantial overlap in the outcome of an electric
heating tax reduction of 0.20 and 0.25 DKK/kWh. This, in part, reflects, an expert-
based, upper bound on the potential for heat pumps within the residential sector. Re-
ducing the tax rate by an additional 0.05 DKK/kWh, from 0.20 to 0.25 DKK/kWh
does not contribute much in terms of additional electricity demand because the model
is already close to the upper limit potential for heat-pumps set within TIMES-DK.
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Figure 5.3.: Uncertainty with respect to residential electricity use for heating in 2030

Source: Model results are based on an earlier version of IntERACT presented at
ETSAP workshop in November 2017

5.2.3. Summary

This section has discussed how Monte Carlo analysis was used to determine the uncer-
tainty related to residential electricity use for heating service demand. The use of Monte
Carlo analysis in combination with an LP problem such as (TIMES-DK) can be imple-
mented fairly easy with TIMES-DK. Using uncertainty analysis has proven to be a key
tool both internally for model testing and externally for quantifying model uncertainties.
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Chapter 6.

Main findings and contributions

This chapter discusses the main finding associated with the four appended papers of this
thesis.

6.1. Improving national energy system models

Research Question 1: How can a national energy system model be constructed to help
prioritize and describe optimal socioeconomic pathways to a low-emission society across
all sectors?

The TIMES-DK model is the result of a growing need to prioritize and describe opti-
mal socioeconomic pathways towards a low-emission society across all economic sectors.
Within the context of the European Union, this need partly reflects that the Member
States are required to submit detailed reporting in terms of national energy and climate
plans, and long term strategies on how Member States plan to transition towards a
climate-neutral economy by 2050. Including all sectors of the energy system as done in
TIMES-DK can be seen as a means of speeding up the ex-ante evaluation process while
ensuring a high degree of consistency across sectors.

TIMES-DK has some distinct design features, which sets it aside from existing bottom-
up energy system models. These features relate to (i) the improved representation of
heat demands and heat-saving measures by building type in the residential sector; (ii)
the detailed industry modeling based on industry energy services rather than technology
type; (iii) the co-development of TIMES-DK with a national CGE model which has
enabled the development of a very consistent hard-link between the two models. The
hard-link provides a comprehensive framework for investigating the interactions between
the energy system and broader economy.

A key feature of the TIMES-DK (and more generally of the TIMES modeling frame-
work) is the data-driven model structure. TIMES-DK exploits this feature by relying
on an external data-interface for residential and industrial sectors. The data-interface
makes it possible to redefine the TIMES-DK model structure automatically, e.g., by
adding a new statistical year or changing the sectoral aggregation. Using this type of
data interface dramatically reduces the cost of using and maintaining the model, making
TIMES-DK more relevant in a policy setting.
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The application of this data-interface is reflected indirectly through the model evo-
lution from Paper-I and Paper-II (which reflect model version as of 2017) to Paper-III
and Paper-IV (which reflect a model version as of June 2019). The data-interface has
made it possible to update the industrial and residential sectors in TIMES-DK more or
less by the press of a bottom. So that Paper-III and Paper-IV includes 2016 and 2017
as statistical years; and these papers further rely on a new industrial aggregation, which
reduces the number of energy service demand industrial sectors in IntERACT from 12
to 10. Finally, the granularity of energy efficiency retrofit measures for the existing res-
idential housing stock has been increased from 72 marginal cost steps (in Paper-I) to
2400 marginal cost plus 2400 full cost steps (in Paper-III).

6.2. Linking national CGE and energy system models

Research Question 2: How can a national energy system model and a national CGE
model be linked to improving the policy decision-making process?

Decision makers, most of whom operate at a national level, need clear and consistent
insights on the impact of climate policies (Krook-Riekkola et al., 2017). Insights, that
take both sectoral and technology effects (and their interactions) into account. This
calls for the development of comprehensive modelling frameworks capable of bridging
the gap between bottom-up and top-down modelling (Fortes et al., 2014). This need
reflect that in isolation, the top-down model cannot answer technology-specific policy
questions, while using the bottom-up model alone ignores essential demand responses
and adverse macroeconomic effects.

Paper-II demonstrates how the integrated approach, developed by Böhringer and
Rutherford (2008), can be decomposed into an equally consistent automated iterative
soft-linking routine, or a hard-link using the terminology provided by Wene (1996). This
hard-link method makes it possible to evaluate the economy-wide effects of technology-
specific policy measures. Moreover, the hard-link method overcomes challenges related
to dimensionality, complexity, and conceptual differences between capital demand in
top-down and bottom-up models. Issues, which has until now proven inherently difficult
both when integrating or linking top-down and bottom-up models.

Paper-II illustrates the full-scale implementation of the hard-link method in the In-
tERACT model. The paper further underscores the potential of the hard-link method
for evaluating the economy-wide effects of technology-specific policy measures. This is
done by considering a will-fully inefficient policy, namely the mandatory adoption of coal
carbon, capture and storage technology within the Danish concrete sector. This policy
results in a carbon leakage effect of upwards of 88 %. The policy experiment further
shows that half of the policy-induced decline in GDP follows from additional capital de-
mand associated with coal CCS technology. This underscores the necessity of capturing
the macroeconomic effects of investment flows associated with the energy system when
modeling climate and energy policy questions.

56



6.3. Meeting obligation under the European Energy Efficiency directive retrofitting residential buildings

6.3. Meeting obligation under the European Energy Efficiency
directive retrofitting residential buildings

Research Question 3: What is the potential for meeting Danish energy savings obli-
gations by targeting households’ investment behavior?

EU Member States are required to perform ex-ante evaluations of energy efficiency
policies to comply with the EU’s Energy Efficiency Directive. These ex-ante evaluations
require modeling of the impact of energy efficiency policies on end-users’ investment and
energy demand behavior.

Paper-III demonstrates how the IntERACT model allows for a comprehensive analy-
sis of energy efficiency policy, which takes both investment and demand behavior into
account. Different levels of hurdle rates serve as a proxy for the effectiveness of policies
in stimulating residential savings investments. We find that a policy-induced reduction
in the hurdle rate from 25 % to 4 % could deliver up to half of Denmark’s energy-saving
target for the period 2021–2030. Importantly, these cumulative energy savings include a
direct rebound effect of 37 %.

The size of the cumulative savings associated with a hurdle rate reduction from 25 %
to 4 % reflects that retrofit investments are moved ahead in time. Also, the 4 % hurdle
rate leads to a reliance on full cost-savings measures, which in turn leads to a substantial
increase in residential investments. From a policy perspective, it is further essential to
note that realizing substantial energy savings requires a hurdle rate reduction well below
15 %. Such a substantial reduction in the level of hurdle rate requires policies that
address multiple of the factors behind households’ high implicit discount rates. This
implies the need for a broad mix of energy efficiency policies.

6.4. Ex-ante evaluation of energy efficiency policy for industrial
sectors

Research Question 4: How can the challenge of ex-ante evaluation of energy efficiency
policy for industrial sectors be evaluated systematically within a modeling context?

Improving energy efficiency within industrial sectors will likely play a pivotal role in
mitigating greenhouse gas emissions by reducing the use of fossil fuels. Nevertheless,
the ex-ante evaluation of energy efficiency policy for industrial sectors remains mostly
an unresolved challenge. Paper-IV demonstrates how the IntERACT model facilitates
the ex-ante assessment of energy efficiency policy. Unlike other models found in the
literature, IntERACT captures both the macroeconomic activity and price effects, as
well as technical energy system effects endogenously. Moreover, IntERACT also accounts
for the interaction between these three effects.

Relative to the endogenous baseline Paper-IV finds that energy efficiency policy could
deliver an additional 9.8 PJ reduction in final energy use by 2030; equivalent to about
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5 % of final industrial energy use. A policy-induced reduction in energy efficiency barriers
accounts for around half of this additionality. The technical effect decreases energy use
by 11.3 PJ. The decrease is a combination of policy-induced energy savings and the
increased energy efficiency of conversion technology resulting from reduced final energy
use. Conversely, the price effect (direct rebound) increases final energy use by 0.8 PJ, and
the activity effect (indirect and economy-wide rebound) increases demand by 0.8 PJ. The
results show the importance of including all three effects when assessing the net effect
of an energy efficiency policy within industrial sectors.

The industry energy efficiency policy considered in this Paper-IV results in the avoid-
ance of 2.5 million tonnes of cumulative industrial CO2-emissions during the period
2018–2030. This level of avoidance corresponds to roughly 5 % of Danish greenhouse
gas emissions in 2016, which confirms the importance of energy efficiency as a tool for
reducing greenhouse gas emissions.
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Chapter 7.

Conclusions and future work

The overall objective of this thesis has been to develop a modeling tool capable of iden-
tifying effective instruments to meet future Danish energy and climate policy targets.
Doing so requires clear and consistent insights that take both sectoral and technology
effects (and their interactions) into account. The thesis has met its objective by develop-
ing, validating, and applying a novel hard-link method. The hard-link method is capable
of capturing both macroeconomic price and activity effects, as well as the technical effect
based on a technology-rich representation of the Danish energy system.

The thesis has demonstrated the potential of the hard-link method, within the IntER-
ACT model, by considering a willfully ineffective technology-specific and sector-specific
policy. The thesis has illustrated that the hard-link captures several insights, typically,
hidden from view within standard bottom-up and top-down models. These insights in-
clude a substantial macro-economic cost from the additional capital demand, adverse
sectoral effects, and carbon leakage effects around 88 %. The thesis further applied the
hard-link method and the IntERACT model to assess the energy savings potential from
the existing Danish residential housing stock. This assessment underlines the role of
demand and investment behavior for the level of realized energy savings. The timeli-
ness of this research emphasized by the requirement within the EU’s Energy Efficiency
Directive (EED) to meet a cumulative energy savings target for the period 2021-2030.
IntERACT offers a comprehensive framework for doing ex-ante evaluating of energy
efficiency policies. Finally, the thesis has shown how the IntERACT model makes it
possible to capture the complex effects of energy efficiency policy within the industrial
sectors. This allows IntERACT to present an unambiguous assessment of the addition-
ality of energy efficiency policies, which accounts for both the energy efficiency gap and
the rebound effects associated with energy efficiency policies.

7.1. Future work

The narrow sectoral focus within each of the Papers II-IV may seem somewhat paradox-
ical, given the effort to model the whole economy and energy system within IntERACT
to compare the impact of climate and energy policy across sectors. However, the narrow
sectoral focus reflects, the need to validate and test the properties of each sector alone,
before comparing policy impact across sectors can be justified. Future work should com-
pare the impact of policies across sectors; this could, for example, be very relevant for
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energy efficiency policies. IntERACT does at present not include road transport, even
though a rich representation of the transport sector has been developed for TIMES-
DK as part of the COMETS research project1. Integrating the road transport sector
into IntERACT could produce additional policy insights. For example, using a hard-
link approach Helgesen et al. (2018) find that greenhouse gas emissions from Norwegian
transport may be halved by investing in transport-technology. However, the investments
in transport-technology consume capital, and limit capital stock growth, decreasing the
value of total production in 2030 by 2.8 %. The decrease in household welfare corre-
sponds to a 6.5 % salary reduction.

Despite the holistic nature of the modeling framework presented and applied in this
thesis, several limitations were identified and should be the focus of future work. For
example, a finer differentiation between types of households and buildings would enable
more specific policy insights, e.g., in terms of the distributional impact of energy effi-
ciency policy. Another point concerns the modeling of different energy efficiency policy
mixes and their interactions with other policies for carbon abatement and/or renewable
energy development. The IntERACT model and its comprehensiveness make it particu-
larly suitable for capturing both the impact of individual energy efficiency policies and
the interaction effects among different policy combinations. Future research should also
focus on assessing the impact of specific policy measures, e.g., subsidies, fuel taxes,
regulation, and information provision. A particular focus of this research should be on
assessing potential interactions between combinations of energy efficiency policies, i.e.,
the extent to which the different instruments counteract or support one another.

Finally, due to the importance of capital demand for the policy conclusion (particu-
lar in Paper-II) future work should focus on improving the dynamic properties of the
CGE sub-model, i.e., by introducing endogenous investment and capital accumulation
decision.

1http://www.cometsproject.dk/
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A B S T R A C T

As Denmark progresses towards a carbon neutral future, energy system models are required to address the
challenges of the energy transition. This article describes design, input data and current usage of TIMES-DK, the
first Danish energy system model that includes the complete national energy system, covering long-term tech-
nology investments. The article aims at explaining the modelling approach; highlighting strengths and reflecting
upon limitations of the model; illustrating possible applications of TIMES-DK and inspiring new model devel-
opments. Some of the key strengths of the model include simultaneous optimisation of operation and invest-
ments across the complete energy system over the whole modelling horizon, explicit representation of the most
important sectors of the economy, modular structure and the possibility of linking to a computable general
equilibrium model for an additional insight on, e.g. public finance or CO2-leakage. TIMES-DK is being developed
in close collaboration between an energy agency, a university and a consulting firm, to improve its robustness,
relevance and impact on policy making. It allows for a wide range of applications including exploratory energy
scenarios and policy analysis. To meet challenges of the future, further development of the model is needed and
consequently the article provides references to ongoing projects addressing current development needs, such as
improved representation of transport and flexible handling of the temporal dimension. To support a democratic
and transparent process around decisions for the future Danish energy system, TIMES-DK should become
available to interested parties.

1. Introduction

Denmark is undergoing a transition with its energy system set to
become carbon neutral by 2050 [1]. What the energy system will look
like in the future remains an open question. To investigate this ques-
tion, energy planners, policy makers, researchers and non-govern-
mental organisations (NGOs) require adequate tools that could help
them assess potential energy systems configurations and take into ac-
count the interaction between various sectors. These tools should be
open and accessible to promote grassroots development, user-critique
and to facilitate discussion on the future of the Danish energy system
[2].

Several sector models with different perspectives and approaches on
the energy system exist for Denmark. The Danish Energy Agency has

been using a combination of models to cover all the sectors (e.g.
RAMSES [3], EMMA [4], ElmodelBolig [5], COMPARE [6]). Land-
strafikmodellen (LTM), a 4-step simulation model of the Danish trans-
port sector [7], has been used to support planning and investment de-
cisions in traffic infrastructure. The Balmorel model, used by private
companies and in academia, is a partial equilibrium model for si-
multaneous optimisation of generation, transmission and consumption
of electricity and heat [8]. Both energy models STREAM [9] and En-
ergyPLAN [10], used for scenario analysis, cover all the sectors, but
lack endogenous investments. The Danish TSO (Transmission System
Operator), Energinet, has a whole suite of models for analysing various
portions of the power and gas systems [11].

The development of TIMES-DK was initiated from a growing need to
be able to prioritise and describe socioeconomic optimal pathways to a
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low-emissions society across all economic sectors. Covering all sectors
in one model would speed up the analysis process, while providing a
consistent method of policy evaluation across sectors.

The literature covers a growing number of energy modelling tools,
developed and applied at regional, national and international scale
[12–15]. Bottom-up techno-economic models include the TIMES-
MARKAL model family, with applications in several countries [16–18];
the open source energy system model OseMOSYS [19]; the global
model MESSAGE [20]; and the energy model PRIMES [21], applied for
the preparation of European energy outlooks and impact assessment
studies. Integrated assessment models, such as GCAM [22] and IMAGE
[23], include the representation of energy systems alongside the cli-
mate and ecosystem modules. The scenario-based modelling tool LEAP
[24] is being used especially by developing countries to undertake
mitigation emissions studies both in energy and non-energy sectors.

Based on the aforementioned past experiences in energy system
model design, TIMES-DK was developed within the IntERACT project
[25] in close collaboration between the Danish Energy Agency (DEA),
the Technical University of Denmark (DTU) and E4SMA. The model
possesses the usual characteristics of the TIMES model family [26–28],
such as being a bottom-up technology-rich energy system model suited
for medium to long-term analyses. Although sharing the general design
of other bottom-up energy system models, some of the distinct features
of TIMES-DK include an improved representation of heat demands and
heat saving measures by building type in the residential sector (Section
3.3), as well as a detailed industry modelling based on industry energy
services rather than technology type (Section 3.4). Additionally, quite
uniquely, the energy system model was developed hand-in-hand with a
computable general equilibrium (CGE) model, which enables easy
linking of the models to investigate interactions between the energy
system and the surrounding economy. To support a democratic and
transparent analysis of future optimal pathways for the Danish energy
system, the model development team is currently exploring the possi-
bility of making TIMES-DK model and data available to all interested
parties in the future.

The objective of this paper is to describe TIMES-DK and discuss its
main strengths and weaknesses. Section 2 provides a concise model
description including structure, temporal and spatial details, and main
data sources. Section 3 presents a comprehensive overview of the sec-
toral representation, which includes supply, power and heat, re-
sidential, industry and transport sector. Section 4 describes existing and
possible model applications. Finally, we discuss strengths and limita-
tions of the model, including potential future development in Section 5.

2. Model description

2.1. TIMES model generator

The Integrated MARKAL-EFOM System (TIMES) model generator is
developed and maintained by the Energy Technology Systems Analysis
Programme (ETSAP),2 a Technology Collaboration Programme of the
International Energy Agency (IEA), established in 1976. A TIMES model
is based on the bottom-up approach [13,29]. It is a single or multi-
regional model, often with a technology-rich database, for medium/
long-term analysis and planning of a national, regional or even city
level energy system3,4. In addition to that, TIMES is a techno-economic,
partial equilibrium model-generator assuming perfectly competitive
markets and full foresight (with the additional option of performing
analyses under a myopic foresight mode by defining settings for a time-

stepped solution). The TIMES model generator source code, written in
GAMS, is open and available for download free of charge upon signing
the ETSAP Letter of Agreement.

The TIMES models are based on welfare maximisation by mini-
misation of the total system costs discounted to the reference year,
calculated as sum of investment cost, fixed and variable operation and
maintenance (O&M) cost, import cost and export revenues for all the
modelled processes. For a particular technology, its capacity remains
until the end of its technical lifetime; in case the economic lifetime of
the technology goes beyond the modelling horizon, its salvage value is
deducted from the objective function. The type of inputs used to build
the TIMES models are: exogenous service demand curves, supply
curves, policies and techno-economic parameters for each technology.
Supply curves show the quantities of primary energy resources (e.g.
wind power) or imported commodities (e.g. oil and gas) available at a
specific cost. The techno-economic parameters are assigned to currently
available and future technologies, both transformation (e.g. wind tur-
bine, gas boiler, heat pumps, district heating system, etc.) and demand
technologies (e.g. electrical appliances, buildings by type and age, cars,
etc.) that are converting one or more commodities into one or more
other commodities (e.g. gas boiler transforms gas into heat for buildings
that are delivering the demand commodity). Examples of technical
parameters are efficiency and availability factor, while economical
parameters include investment costs and interest rates. Policies include
effects of legislation, such as taxes and subsidies on specific technolo-
gies or fuels.

The TIMES outputs are region-specific (for multi-regional models)
and time-specific optimal investments, operation and import/export
levels. Furthermore, alongside the optimal solution, the model output
includes costs, environmental indicators, marginal prices of commod-
ities and energy flows.

2.2. System overview

TIMES-DK is a multi-regional model, covering the entire Danish
energy system. It is geographically aggregated into the two Danish
power regions, i.e. Denmark East and Denmark West, with technolo-
gical and economic projections until 2050. The model covers five sec-
tors, namely: supply (SUP), power and heat (ELC), industry (IND), re-
sidential (RES), and transport (TRA). A detailed description of the
sectors is given in Section 3.

Primary energy commodities can be either imported, exported or
domestically extracted (SUP). Conversion technologies transform the
primary commodities in secondary commodities (ELC), needed by the
end-use technologies to satisfy the end-use sector service demands, i.e.
for industry (IND), residential (RES), and transport (TRA). Furthermore,
each energy commodity has associated respective emission factors, to
account for the emissions produced from the combustion of fuels across
all the sectors.

2.3. Geography

Denmark is divided into two regions, East (DKE) and West (DKW).
Fig. 1 shows the regions, along with the transmission lines connecting
them and the interconnectors to the neighbouring countries. The latter
are modelled as “price regions”, i.e. they are represented by projections
of available transmission capacities and electricity prices [30].

District heating (DH) producers in Denmark are characterised as
Central and Decentral [31]. Accordingly, DH areas supplied by these
producers are named Central and Decentral. Central DH areas are lo-
cated in bigger cities, have higher installed capacities, more consumers
and higher grid efficiency compared to Decentral areas. Central and
Decentral DH areas are represented with dark blue and green polygons
in Fig. 1. Next-to-DH areas are sharing a border with DH areas. They are
classified as Central or Decentral depending on the DH area they are
located next to. Central and Decentral Next-to-DH areas are represented

2 ETSAP homepage available at: http://www.iea-etsap.org.
3 TIMES Documentation and Demo Models http://www.iea-etsap.org/index.

php/documentation.
4 Example of TIMES applications http://www.iea-etsap.org/index.php/

applications.
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with lighter blue and green polygons in Fig. 1. Individual areas are not
sharing a border with DH areas and are located far away from existing
DH areas. Individual areas are represented with red polygons in Fig. 1.
All polygons of the same colour and within each of the regions (DKE
and DKW) are aggregated resulting in 5 heating areas per region in the
model.

2.4. Time

TIMES-DK is calibrated for 2010, i.e. the model output for the base
year replicates the historical energy system of Denmark in 2010, as
reported in the Danish energy statistics (for sector-specific data sources,
the reader can refer to Table 1 and Section 3). The convergence to
historical data has been established by aligning the aggregated capa-
cities of conversion and end-use technologies to those reported in the
statistics for 2010. The time horizon covers the years 2010–2050, and it
is flexibly sub-divided into shorter application-specific model periods of
various duration, most commonly 1–5 years. In turn, every year com-
prises 32 non-sequential time slices, representing seasonal (4 seasons),
weekly (working/non-working days) and daily variation.

The division of a year into seasons aims to represent the change of
the heating demands. The weekly division represents the difference in
demand patterns (electricity, heating, etc.) between working and non-
working days. On the daily time slice level, every hour of the year is
classified into four categories according to the historical variability of
renewable energy resources and power load profile. These four cate-
gories are intended to represent situations that are critical for the power
system and include: A) “high wind production - low power demand”, B)
“high power demand – low wind production”, C) “no photovoltaics

(PV) production” and D) “rest”. Fig. 2 illustrates the time slice structure
adopted in TIMES-DK.

The 32 time slices represents the most disaggregated resolution in
the model, yet not all modelled parameters are defined at this level of
detail. For instance, on the supply side, power and district heat pro-
duction are generally defined on 32 time slices. On the demand side, the
electricity and heating service demands in residential and industrial
sector are defined at 32 time slice level, while the transport demands
are defined at annual level.

The definition of the time slices is meant to capture especially the
availability of variable renewable energy (VRE) in relation to demand
in critical situations, following the methodology illustrated in Ref. [32].
This ensures that the model invests in sufficient back-up capacity to
secure supply at any time. For VRE generation technologies, i.e. solar
PV and wind, the production profiles are defined at 32 time slice level
to describe their maximum availability in each time slice. Non-VRE
power, e.g. a CCGT (Combined Cycle Gas Turbine), and heat production
has no limited availability in the time slices and can therefore produce
up to their installed capacity at any time. An exception is the produc-
tion from solar heating plants: for solar DH plants, the production
availability is defined on seasonal level because they are assumed to be
connected to large heat storage while, for small-scale individual solar
heating plants, the production availability is defined on the 32 time
slice level. Furthermore, the efficiency of large scale heat pumps is
defined on seasonal time slice level as it is assumed that the efficiency is
dependent on the outdoor temperature. Import and export prices for
electricity are modelled on 32 time slice level.

Fig. 1. Geographical aggregation in TIMES-DK model, based on [30,31].

O. Balyk et al. Energy Strategy Reviews 23 (2019) 13–22

15



2.5. Main data sources

Table 1 illustrates the main data sources on which TIMES-DK is
based. Many of those are regularly maintained data sets. Among them
are energy technology catalogues, building register, Danish national
travel survey and register of wind turbines. Relying on regularly
maintained data sets significantly reduces the time needed to update
the model, as well as simplifies the update process. Within each sector,
data is typically collected from a consistent set of sources, as to main-
tain coherence in underlying assumptions on, e.g. cost calculations.
Harmonisation of assumptions across the full model is performed
through verification of model results and calibration.

3. Sectors

This section details the sectoral representation in TIMES-DK. The
description follows the flow of the energy commodities, from the ex-
traction/import/export of primary energy commodities in the supply
sector, through the conversion in power and heat or in other energy
commodities required to fulfil the energy service demands of the end-
use sectors, i.e. residential, industry and transport.

3.1. Supply

The supply sector in TIMES-DK comprises all the activities related to

import/export and extraction of primary energy resources, both fossil
and non-fossil, the conversion of these into secondary energy com-
modities (i.e. bio-fuels, hydrogen and oil products), and their delivery
to the downstream sectors. More specifically, the supply sector includes
both the domestic extraction of oil and gas, imports and exports of
solid, liquid, gaseous energy commodities, as well as electricity traded
with the neighbouring countries.

Considering that Denmark has little influence on the price for the
globally traded energy commodities such as crude oil, natural gas and
wood pellets, these are imported from or exported to a single geo-
graphical region, hereafter called Rest of the World (ROW). Since ROW
is not modelled in TIMES-DK, exogenous import and export prices
([40,44,45]) are the parameters regulating the energy commodity ex-
change with ROW (Fig. 3).

On the other hand, the power trade with neighbouring countries

Table 1
Main data sources for TIMES-DK. SUP: Supply, ELC: Power and heat, IND: Industry, RES: Residential, TRA: Transport. O: Original data, P: Processed data.

Data Sector Input used Type Reference

Energy plants ELC Costs, efficiency, availability factor, lifetime O [33]
Energy plants ELC Existing capacity O [31,34]
District heating grids ELC Existing capacity, losses O [35]
District heating grids ELC Expansion potential, costs O [36]
Bio-refinery technologies SUP Costs, efficiency O [37]
Hydrogen technologies SUP Costs, efficiency, availability factor, lifetime O [38,39]
Biogas plant technologies SUP Efficiency, costs P [40–43]
Fossil fuel prices SUP Import/export price O [44]
Biomass prices SUP Import/export price O [40,45]
Electricity trade SUP Import/export price, transmission capacity, availability factor P [30,46]
Transport technologies TRA Stock, mileage, occupancy load factor, mobility demand P [47]
Transport technologies TRA Stock retirement rate P [48]
Transport technologies TRA Travel pattern P [49]
Transport technologies TRA Efficiency P [50]
Transport technologies TRA Costs, efficiency improvement, lifetime P [50]
Fuel blending technologies TRA Minimum level, year O [50]
Stock of electrical household appliances RES Stock in the base year P [51]
Stock of electrical household appliances RES Projections of the stock P [52]
Residential building stock RES Heated area in the base year P [53]
Residential building stock RES Housing demand P [54]
Residential building stock RES Demolition rate P [55]
Residential building stock RES Energy performance of the existing stock, cost of heat savings P [56–58]
Residential heating technologies RES Costs, efficiency improvement, lifetime P [33]
Industry energy service demand IND Mapping of energy demand by sector P [59]
Industry technologies IND Energy service supply technologies P [31]
Industry energy savings potential IND Sectoral energy savings potentials and costs P [60]
Industry energy service driver IND Sectoral output projection O [61]
Emission factors All Emission factors by fuel type O [50,62]

Fig. 2. Time slice structure in TIMES-DK.

Fig. 3. Schematic of the supply sector and its linkages with other sectors.
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and within the modelled regions, is represented at a high level of detail,
to account for region-specific import/export prices of electricity, ca-
pacities and availability factors of transmission lines. These comprise
connections with Germany, Norway, Sweden and Netherlands. The
import/export prices of electricity from/to neighbouring regions are
adopted from Ref. [30]. Moreover, we include the intra-regional ex-
change of electricity between the two regions, DKE and DKW. The ex-
change is limited by the existing installed capacity and takes into ac-
count losses of an HVDC (high-voltage direct current) interconnection.

The procured primary energy commodities are transformed into
secondary energy commodities through conventional crude oil re-
fineries, bio-refineries and hydrogen production technologies. Some of
these technologies produce electricity and/or heat, which can be used
for DH, as a by-product in addition to their primary output. Table 1
reports the data sources, i.e. technology catalogues and scientific pub-
lications, used for the characterisation of the different technologies in
terms of required inputs, costs, efficiencies, plant lifetime and avail-
ability factors. The secondary energy commodities are delivered to
downstream conversion sector (ELC) and end-use sectors (IND, RES and
TRA), as shown in Fig. 3.

The national energy balance, providing information on the energy
supply mix and the domestic reserves of oil and gas, supports the ca-
libration of the supply sector in the base year.

3.2. Power and heat

The power and heat sector in TIMES-DK is responsible for producing
electricity and district heat. These secondary commodities are delivered
to consumers via the transmission and distribution networks. The in-
stalled capacities of the facilities, grouped by size, type and location,
describe the state of the power and heat system in the base year. The
retirement profile, i.e. the share of the base year stock [31,34] that is
decommissioned in each model period, is specified for each technology
group. For the existing DH grids, the base year capacities were obtained
from Ref. [35]. The existing production facilities are characterised by
techno-economic parameters, such as efficiency, fixed and variable O&
M costs and availability factors [33].

In addition to the existing stock of technologies, the model can in-
vest in a set of new technologies in the future years. These are therefore
also described with an investment cost [33]. Furthermore, we model
potentials of renewable energy sources, including domestic biomass
potentials [63–65].

TIMES-DK does not take into account the need for spinning reserves,
inertia in the system, frequency control and other ancillary services.
Ramping of power plants and unit commitment is also not considered.
This makes it computationally easier for the model to balance the
system at any time slice, while it might overestimate the flexibility of
the system. To overcome this issue, complementary models with higher
temporal resolution and higher level of technical details, such as
Balmorel [8] or EnergyPLAN [10], can supplement information on
more realistic availability factors for the most critical technologies.

3.3. Residential

The residential sector comprises all the activities related to sa-
tisfying household heating (space heating and hot water) and electricity
(operation of appliances) demand. The heating part of the residential
sector is calibrated against the Danish energy statistics [66] for 2010.
District heating and individual heating options compete with heat
saving measures to satisfy the heating demand. The relation between
individual heating options (HO), district heating (DH) and heat savings
is illustrated in Fig. 4. The rectangles in Fig. 4 denote processes, the
vertical lines indicate commodities, while the arrows represent the
energy flows.

The whole Danish residential building stock is represented in
TIMES-DK. It is classified according to construction period, building

type, position relative to existing DH areas and region. Construction
period (before and after 1972, and new buildings) reflects the drastically
stricter requirements for energy performance of new buildings in-
troduced in 1972 [67], as well as the improved energy performance
from 2011 onwards. The classification according to building type (single-
and multi-family buildings) is inherited from Danish energy statistics
[66] and is used to specify the type of heat supply technologies avail-
able for a building, as well as economy of scale. Position relative to ex-
isting DH areas (central, decentral and individual) allows differentiation
by cost, efficiency and availability of DH. Central DH systems are lo-
cated in larger cities, have higher installed capacities, more consumers
and higher grid efficiency compared to decentral systems. Residential
buildings within or close to these areas include DH among their heat
supply options. All the remaining residential buildings belong to in-
dividual areas, i.e. without access to DH. As a result, we classify the
residential building stock into 36 groups, as presented in Appendix A.

The heated area of residential buildings in the base year is adopted
from the Danish Building and Housing Register (BBR) [53]. After the
base year, the change in the heated area in the residential sector drives
the heat demand. The construction rates are calculated for each of the
36 building groups as a difference between housing demand [54] and
existing stock affected by demolition [68]. We assume that the heating
demand of new buildings complies with building regulations [55].

Heat saving measures in the residential sector reduce heating de-
mand proportionally to heating degree-days. For each of the 36
building groups, we use heat saving cost-curves that are calculated
based on the cost of replacing building envelope elements (floors, walls,
roofs, windows and ventilation systems) and their lifetimes [69]. The
data about existing stock and cost of heat savings are obtained from
Refs. [56–58]. Heat savings are not available for new buildings.

The energy service demand for electrical appliances is represented
by the following 7 demands: computers, cooking, entertainment,
lighting, refrigeration, machines (such as washing) and others.
Electricity demand generated by household appliances depends on the
ownership level and specific consumption. These, as well as the stock of
appliances in the base year and its development in the future are based
on ElmodelBolig Statistik [51] and ElmodelBolig Prognose [52]. The
projection of the specific energy consumption takes into account that
efficiency of the appliances is increasingly determined by EU regula-
tion, i.e. the Ecodesign and the Energy Labelling Directives. The own-
ership level is informed by historical trends that are projected into the
future.

3.4. Industry

Industry energy service demands are modelled at a very dis-
aggregated level in terms of twelve different economic sectors (covering
primary, secondary and tertiary sectors) namely: 1) agriculture, for-
estry, fishing, gravel and stone; 2) food, beverages and tobacco; 3)
chemicals (excl. manufacture of basic metals); 4) metals, machinery
and transport equipment; 5) cement and bricks, glass and ceramics; 6)
other commodity production; 7) wholesale and retail trade; 8) private
service (incl. support for transportation and postal activities); 9) public
service; 10) construction; 11) other utilities; and 12) motor vehicles -
purchase and repair. Energy service demand is based on a compre-
hensive study [59], which creates a correspondence between historic
fuel demands and sectoral energy service demands. Fig. 5 illustrates the
structure of the sector-specific energy service demands in TIMES-DK.
The brackets in Fig. 5 denote the boundaries of the industry sectors
(IND).

Energy service demand in TIMES-DK is best understood as the net
energy demand associated with the particular type of energy service.
This approach is somewhat different from other TIMES models, where
energy service demands are often modelled in terms of specific sector
outputs, e.g. tonnes of cement or tonnes of steel to be produced.
However, with relatively few large energy-intensive firms in Denmark,

O. Balyk et al. Energy Strategy Reviews 23 (2019) 13–22

17



modelling the actual material output has a limited scope in a Danish
context. Instead, defining energy service in terms of net energy demand
offers a consistent and scalable method for modelling energy service
demand across very different sectors.

As a consequence, high temperature process heat in the agriculture
sector will be different from high temperature process heat in the
concrete sector. This difference is captured as we account for the fuel
specific capacity mix of producing each individual energy service in
each sector, i.e. the share of coal in high temperature process heat is
significantly higher in the concrete sector compared to the agricultural
sector. We calibrate TIMES-DK by endowing the model with fuel spe-
cific energy service capacities such that the stock of these in combi-
nation with efficiency and availability assumptions matches historic

fuel demand for each sector.
In future modelling years, the energy service demand can either be

supplied by investing in fuel (and energy service) specific (conversion)
capacity or reduced through energy savings. New conversion technol-
ogies are specified with an efficiency and investment, variable and fixed
cost based on technology catalogues [62]. Energy savings potentials for
each sector and energy service are specified from a bottom-up study
[60], which covers both the assessment of potentials and associated
investment costs. The choice between investing in conversion tech-
nology and energy savings can be determined by TIMES-DK as part of
the least-cost solution. As driver for the sectoral energy service demand
we use economic projections on a sector level based on the Danish
Convergence Programme [61]. We assume that the relative share of

Fig. 4. Residential heat supply.

Fig. 5. Schematic of sectoral energy demand in TIMES-DK.
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different energy services in a given sector remains constant in the fu-
ture.

3.5. Transport

From an energy system perspective, transport can be considered an
end-use sector, as it consumes secondary commodities (e.g. oil pro-
ducts, electricity, hydrogen and bio-fuels) to fulfil the end-use travel
demands (e.g. passenger mobility and transport of goods). In TIMES-
DK, the transport sector comprehensively describes the Danish mobility
demands and the end-use transport technologies. This sector includes
passenger and freight transport, further split into aviation, maritime
and inland sub-sectors. The two former include passenger and cargo
aircraft, and ferry and cargo ship. The inland freight sector comprises
three modes: van, truck and train. The inland passenger sector is re-
presented with a high level of detail and includes eight modes: car, bus,
coach, rail (metro, train, light-train), 2-wheelers (motorcycle and
moped) and non-motorised modes (bike and walk).

The end-use demands of mobility are defined exogenously for each
mode, from the base year until the end of the modelling horizon. They
are expressed as service demands, respectively in passenger-kilometre
and tonne-kilometre for passenger and freight transport. Moreover, the
modes have associated more than one demand: for inland transport, the
total modal demands are split by class of distance range (extra short/
short/medium and long distances for passenger transport and short/
long for freight transport) and for aviation and maritime transport de-
mands are split between national and international.

The technology database for the transportation sector of TIMES-DK
includes existing technologies and technologies that are available for
future investments. These technologies compete to meet the projected
travel demands. It is worth noticing that technologies can compete
within a mode, but not between modes (i.e. modal shift is not possible).
Several fuels are available to the transport sector, some of which make
the transport sector integrated with the rest of the energy system (e.g.
bio-fuels, electricity and hydrogen). Blending of bio-fuels and fossil
fuels is achieved through blending processes characterised by in-
creasing levels of bio-fuel shares over the modelling horizon.

Table 1 provides an overview of the parameters characterising the
transport technologies in TIMES-DK. The techno-economic parameters
describing the technologies are exogenously determined and change
over time. Some parameters (stock, occupancy, load factor, mileage and
efficiency) are also differentiated at the geographical level to represent
regional differences in the transport sector between DKE and DKW.
Generally, costs and efficiencies of new technologies available for in-
vestments are described with exogenous technology learning curves.
End-use transport technologies are also characterised by specific travel
patterns, which define their contribution to the different distance-range
modal demands. A feature that distinguishes the car mode is the pre-
sence of a Weibull-distribution-based scrapping curve, which describes
in detail the retirement profile of the base year vehicle stock. The re-
tirement profile is based on historical observations of private vehicle
scrapping in Denmark [48].

4. Model application

Given the inherent uncertainty of long-term analysis, eventually
coupled with lack of robust and comprehensive data, energy system
models do not aspire to predict the exact evolution of the energy
system. Rather, they primarily support policy- and decision-makers in
identifying effective policies by comparing a number of potential future
pathways. Similarly, the energy system model TIMES-DK is capable of
acting as a decision-making tool by providing insights into the dy-
namics of the different sectors of the Danish energy system. But most of
all, a complete model of the Danish energy system gives the possibility
to analyse what measures are the most economically efficient across all
sectors, e.g. when aiming at changing the whole energy system to be

independent of fossil fuels. On the contrary, sector-based models fail at
capturing cross-sectoral synergies and limitations.

TIMES-DK is currently used in a multitude of roles at the Danish
Energy Agency. The model is part of the model suite used to produce
Denmark's Energy and Climate Outlook [1]. It further serves a role as an
in-house modelling tool to better understand the challenges posed by
the Danish transition to a low-carbon economy. Finally, it contributes to
assessing the impacts of different energy policy changes in the medium
to long term.

Utilising the model for the creation of policy scenarios allows eval-
uating whether the energy system can reach desired targets and what
set of measures are the most effective, e.g. comparing frozen policy
scenarios with the implementation of a new set of policy settings [70],
such as: enforcement of efficiency standards for, e.g. private vehicles;
application of thermal insulation in residential buildings; phasing out of
less efficient and more polluting technologies in the heat and power
sector; and introduction of energy/emission taxes and investment
subsidies on specific fuels and technologies. In this respect, TIMES-DK
has been applied to assess future scenarios for the inland passenger
sector, under different sets of policies [71,72]. The TIMES-DK model
can further be utilised for evaluating how uncertain parameters de-
termine the possible future configurations of the energy system. Under
this set of studies, TIMES-DK has been used to, e.g. analyse the com-
petitiveness of technologies [73–75] under different economic as-
sumptions, and assess the conditions guaranteeing or undermining en-
ergy security.

4.1. Linking to the CGE model

In parallel to TIMES-DK, a Computable General Equilibrium (CGE)
model for Denmark, as well a soft-linking methodology, have been
developed. Soft-linking TIMES-DK with the CGE extends the scope of
the analysis by making it possible to capture structural adjustments in
the economy as well as GDP and consumer utility effects from energy
and climate policies. In addition, soft-linking provides insights related
to issues such as public finance and CO2-leakage from domestic energy
and climate policies.

The foundation of our soft-linking strategy is that TIMES-DK pro-
vides the price of energy services, energy service fuel cost shares and
future fuel tax rates to the CGE model. Based on this information, the
CGE model then determines the energy service demand response, which
is then fed back to TIMES-DK. The models iterate in a fully automated
setup until the fuel cost associated with each energy service is equal
between the two models (3–5 iterations). Fuel costs is an ideal con-
vergence criterion, since it is equally and well defined in both TIMES-
DK and the CGE model.

To facilitate an efficient soft-linking routine, data harmonisation
and the creation of a parallel structure between TIMES-DK and the CGE
model with respect to energy services was required, i.e. the energy
service demand in the CGE model mirrors the structure of energy ser-
vice supply in TIMES-DK. For this purpose, the 12 final energy de-
manding industry sectors are defined in TIMES-DK based on the same
national account definition used in the CGE model. On the other hand,
the CGE model was designed to accommodate the energy service
modelling described in TIMES-DK for the residential sector. For a more
detail description of the methodology, the reader can refer to [76].

5. Discussion

5.1. Strengths

The optimisation model TIMES-DK is used for analysing the
medium- and long-term evolution of the Danish energy system under a
specified set of constraints. First, the optimisation of the total system
cost is a simple yet well-defined objective, allowing the accounting of
present and future techno-economic characteristics of supply,
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conversion and end-use energy technologies. The resulting optimal
solution represents a cost-effective configuration of the system, under
the envisioned technological development and imposed policy and
technical conditions. This relatively simple functioning logic affords
quick cause-effect assessments, by investigating the impacts of changes
in the input assumptions on the energy system.

Second, the inclusion of the most important sectors of the economy
(see Section 3) allows examining the interplay between supply-side and
end-use sectors from a system perspective. Since commodities such as
fuels, electricity and heat are shared resources across sectors, limited
availability of these (triggered by, e.g. installed plant capacities or ex-
pensive import prices) would clarify the existing synergies and com-
petition between sectors. Similarly, following the imposition of an
overall carbon budget in a target year, the model would illustrate the
burden shifting among sectors along the modelling horizon in a techno-
economic perspective.

Third, given the modular structure of TIMES-DK, it is rather simple
to perform model expansions, especially in terms of new technologies
and sectors. For example, carbon capture and storage (CCS) technolo-
gies are currently not implemented in TIMES-DK. However, their in-
troduction does not require structural changes to the model, which can
be expanded to accommodate CCS technologies as future investment
options. Similarly, the user can adjust the time resolution, including
modelling horizon, milestone years and time slice definition, according
to the requirements of the performed analysis. From this point of view,
TIMES-DK presents similarities with other bottom-up energy system
models [16–18], with respect to, e.g. the flexible modular structure, the
sector coverage and the rich technology representation. On the other
hand, as explained in Section 3, the availability of detailed datasets and
the relevance of analysing specific research questions for the country,
drove towards a more detailed modelling of some sectors, e.g. re-
sidential, industry and representation of bio-fuels production.

Fourth, the collaborative model development shared between two
main energy system modelling groups, i.e. Energy Systems Analysis
(DTU) and Danish Energy Agency, has driven firstly the build-up and
secondly the continuous update and expansion of TIMES-DK. This type
of cooperation presents several advantages: data review, version con-
trol and documentation [77]; transparency, robustness and validation
of input assumptions [78]; interdisciplinarity, e.g. sector and tech-
nology specialisation; impact on and relevance to policy making [77];
and managing structural uncertainty [79].

Finally, TIMES-DK benefits from the continuous development of the
TIMES model generator carried out by the ETSAP community, as well as
know-hows and insights generated within the community through the
application of the TIMES models in the various parts of the world.

5.2. Limitations

Since all models are simplified representations of reality and its
complex dynamics, they inherently bear limitations on the detail and
scope of their mathematical representation [80]. Likewise, TIMES-DK
includes simplifications with regard to, e.g. time and spatial resolution;
at the same time sector and system boundaries partially restrict the
breadth and depth of the possible analyses.

To avoid long computational times, the number of time slices in
TIMES-DK is limited (Section 2.4), thus not allowing for a detailed
temporal representation of the end-use demands and the availability of
natural resources. While the time slice definition currently adopted
carefully represents some critical occurrences for the power and heat
sector, the absence of chronological time slices at the week and day
levels prevents a detailed modelling of storage technologies. However,
modelling of seasonal storage technologies is possible with the current
structure of the times slices. Structural changes are made in the model
within the SHIFT Project,5 which will allow changing the time slice
structure to meet the needs of the performed analysis. The structural
changes will result in a flexible time slice structure. With the flexible

time slice structure, the model will be able to perform analyses with any
number of time slices. However, there is no intention to perform the
analyses with more than 8760 time slices.

Regarding the spatial resolution of TIMES-DK, all sector activities
(i.e. processes) are explicitly defined over two regions (Section 2.3).
However, within each sector, processes can be further specified at a
greater geographical detail. For instance, the residential sector follows a
geographical representation based on DH areas while the transport
sector splits the modal demands according to the trip distance (without
currently taking into account the urbanisation area where the trip takes
place). The inconsistency in spatial aggregation across sectors may yield
more or less detailed modelling, thus results, depending on the sector.
Furthermore, neighbouring countries are not endogenously modelled,
but only exogenously represented through trade links. The latter lim-
itation is addressed in the SHIFT project by developing TIMES models
of the remaining Nordic countries and linking them with TIMES-DK.
This will result in endogenous power prices in neighbouring countries.
However, the extension of geographical scope of the model does not
fully solve the issue of representation of neighbouring countries
through trade links. The issue rather migrates from the Danish borders
to the borders of the Danish neighbours and third countries.

Inherently to the energy system optimisation methodology, TIMES-
DK assumes a role of the central energy planner who makes decisions
on behalf of the average consumer with full information, perfect ra-
tionality, aiming at maximising the economic utility of the system. This
does not allow capturing in detail all the aspects related to consumer
behaviour, which play a fundamental role in decision-making processes
[81]. For instance, in reality in the transport sector, many attributes are
involved in the choice of mode and vehicle such as travelling time or
charger availability (for electric vehicles). To overcome this limitation,
the ongoing COMETS project6 aims at improving the representation of
behaviour in the transport sector within bottom-up optimisation energy
system models [72,82]. The representation of behaviour is improved by
extending the technology competition within the modes to competition
across modes by aggregating the passenger modal travel demands into
demand segments based on the distance range.

Finally, TIMES-DK is not yet openly available. This limits its ap-
plication and usage potential. Moreover, publicly accessible code and
data is a prerequisite for transparency, repeatable research, model
maintenance and development, verification of results and not least
model-based learning [2,83]. In this view, while TIMES-DK has already
been used for projects outside of the institutions that developed it [70],
the model should become available to third parties (e.g. consultancy
companies, NGOs, university students) to support a democratic process
around the needed decisions for the future Danish energy system. Ad-
ditionally, an open model development would lead to improved data
quality, validation of assumptions and correction of errors. After all the
data in the model has been attached with an open licence, TIMES-DK
will be made publicly available.

6. Conclusion

This paper presents TIMES-DK, the first Danish energy system model
that includes the complete national energy system and covers invest-
ments over the entire modelling horizon. The development of the model
was initiated from a growing need to be able to prioritise and describe
socioeconomic optimal pathways to a low-emissions society across all
economic sectors. Covering all sectors in a single model speeds up the
analysis process, while providing a consistent method of policy eva-
luation across all the sectors. Another important consideration taken
into account in the development of TIMES-DK is that it is based on data
sets that are continuously maintained making it easier to update and

5 http://www.nordicenergy.org/flagship/project-shift/.
6 http://www.cometsproject.dk/.
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refine the model.
Thanks to being developed in close collaboration between an energy

agency, a university and an SME the model allows for a wide range of
applications. They include, but are not limited to, exploratory energy
scenarios and various policy analysis. Linking TIMES-DK to the CGE
model developed hand-in-hand provides additional insights into, e.g.
impact on public finance, burden shifting between sectors or CO2-
leakage from ETS (Emission Trading Scheme) to non-ETS sectors.

TIMES-DK benefits from the continuous development of the TIMES
model generator carried out by the ETSAP community, as well as know-
hows and insights generated within the community through application
of the TIMES models in the various parts of the world.

A continuous model development is essential to ensure that the
model remains capable of addressing challenges of the future. Our
ongoing projects are contributing to improving the representation of
behavioural aspects in TIMES-DK, as well as making temporal dimen-
sion of the model easily adjustable. At the same time, efforts at ensuring
broad availability and usage of the model can facilitate the discussion
on the Danish energy transition towards carbon neutrality.
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a b s t r a c t

Giving policy advice related to climate mitigation requires insights that take both sectoral and tech-
nology effects (and their interactions) into account. This paper develops a novel soft-linking method for
bridging the gap between sectoral top-down and technology rich bottom-up models. A unique feature of
the approach is the explicit modelling of energy service demand in the top-down model, which creates a
direct correspondence to the energy service production in the bottom-up model. This correspondence
allows us, unlike previous work, to capture the macroeconomic impact of energy system investment
flows. The paper illustrates the full-scale application of the method in the Danish IntERACT model,
considering the unilateral introduction of coal carbon capture and storage in the Danish concrete sector.
The policy leads to a reduction in the Danish concrete production, and in turn, a carbon leakage effect of
88%. Results also underscores the importance of accounting for the macroeconomic impact of energy
system investment flows, as this is the source of approximately half of the policy-induced reduction in
macroeconomic activity.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The global commitment to keep climate change well below 2�

requires large-scale replacement of fossil-based technologies
across all sectors. Energy intensive industries (e.g. cement pro-
duction) will likely have to make costly investments in abatement
technologies (e.g. carbon capture and storage (CCS)); while miti-
gation policies will likely affect other sectors (e.g. service in-
dustries) to a lesser degree. In turn, these adverse effects will
reverberate through the economy, affecting energy use, capital
demand, trade flows and economic activity. Decision makers, most
of whom operate at a national level, need clear and consistent
insight on these climate policy impacts [1]. Insight, that take both
sectoral and technology effects (and their interactions) into

account. This calls for the development of comprehensive model-
ling frameworks capable of bridging the gap between bottom-up
and top-down modelling [2]. Bottom-up and top-down modelling
being the twomain approaches used for climate mitigation analysis
[3].

The term bottom-up refer to the focus on the detailed analysis of
energy technologies and the associated investment options [4].
Bottom-up models are typically casted as optimization problems
[5], which define the cost minimizing set of technologies needed to
satisfy a given demand for energy services.1 This type of bottom-up
approach is criticized for the lack of behavioural realism [6] as
competing technologies are treated as perfect substitutes. This
leads to the default property of “winner-takes-all", whereby the
cheapest technology captures the whole market. Bottom-up
models are generally also lacking in terms of endogenous market

* Corresponding author. Technical University of Denmark, DTU Management
Engineering, Systems Analysis Division, Produktionstorvet, Building 426, 2800, Kgs.
Lyngby, Denmark.

E-mail address: krisan@dtu.dk (K.S. Andersen).

1 An energy service is the combination of energy and other inputs (mainly cap-
ital, e.g. boiler technology and insulation) that produces a desired service (e.g.
comfortable room temperature).
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adjustments [5], e.g. due their deficiency in terms of demand
response2 and as they do not capture the macroeconomic effects of
energy system investment demand. The latter is a major deficiency,
if climate mitigation policies leads to substantial increases in in-
vestments across the energy system [7].

Top-down refers to models that use macroeconomic data to
determine the development of energy prices and demands [4]. The
top-down modelling of energy-economy policies has been domi-
nated by computable general equilibrium (CGE) models [6]. CGE
models represent the interactions of different economic sectors
(e.g. firms, households and government) based on a consistent
microeconomic behavioural framework. The aim of CGE models is
to explain the behaviour of supply, demand and relative prices in
the whole economy covering many markets (e.g., capital, labour,
materials/services and energy). Nevertheless, the treatment of en-
ergy demand and supply is typically highly aggregated and lacks in
technological details. The traditional CGE models have therefore
proven ineffective in assessing technology policies [3]. A related
barrier that reduces the usefulness of CGE models is the reliance on
historic data to determine fuel use far into the future [6]. While
another critique centres on the possible misspecification of the
energy demand equations used in top-down models [8]. This
misspecification arise as top-downmodels tend to neglect that fuel

consumption is a derived demand, i.e. that fuels are not required for
their own sake but for the energy services they produce (e.g.
comfortable room temperature or high temperature process heat).
An extension of this point relates to heterogeneity of energy service
demand, which is difficult to capture within a top-down approach.
Cement production, for example, requires a carbon based fuel to
satisfy high temperature process energy service needs, whereas the
sector's demand for room heat services could potentially be fully
electrified (using heat pumps technology).

Recent decades has seen a diverse effort to combine elements of
the top-down and bottom-up approach into so-called hybrid
models [6]. B€ohringer and Rutherford [5] divide this effort into
three typologies: 1) Reduced form, focus either on the top-down or
bottom-up model while using a simplified representations of the
other; 2) Integrated, use mixed complementarity problem (MCP)
format to integrate bottom-up technological details fully into the
top-down approach, and; 3) Soft-link, link independent top-down
and bottom-up models.

A common reduced form approach is to couple a bottom-up
energy system model with an aggregate one-sector representa-
tion of macro-economic production and consumption in a single
optimization framework [5]. Two examples are the ETA-Macro
model and the MARKAL-Macro model [9]. The ETA-Macro models
has been used to access the impact of banning additional nuclear
power plants in USA [10]. Whereas the MARKAL-Macro model has
been applied in a UK context to study long term carbon reduction
scenarios [11]. Other reduced form approaches, such as the WITCH
model [12], rely on a simplified energy system model representa-
tion within a top-down model to determine optimal regional long

Nomenclature

Abbreviations
CGE Computable General Equilibrium
CCS Carbon capture and storage
CES Constant elasticity of substitution
GDP Gross domestic product
KKT KarusheKuhneTucker
LP Linear programming
MCP Mixed complementarity problem

Stylised top-down variable
PX Price of other commodity (including fuels)
PY Price of energy service
PK Price of capital
PW Price index for welfare
W Utility level
X Production level of other goods (including fuels)

sector
Y Production level of heat service sector
I Income of representative household
K Capital endowment
t Heat service price wedge

Stylised bottom-up indices
i Technology
j Season

Stylised bottom-up variables
xi;j Fuel input and energy service output from

technology i in season j

ki Installed capacity of technology i
li Shadow price of seasonal demand of heat service
mi;j Shadow price of capacity of technology i in season j

Stylised bottom-up parameters

CX
i Cost of fuel input for heat service production

Ck
i Cost of capacity of technology i

dk
j Capacity demand in season j

hj Hours per season j

Additional soft linking parameters
Y Production level of heat service sector from last top-

down model iteration
PX Price level of other commodities from last top-down

model iteration
PK Price level of capital from last top-down model

iteration

lj Benchmark shadow price of seasonal demand of heat
service

∧ Relative change in consumption weighted price of
heat service from last bottom-up model iteration

XBU Total quantity input (in monetary terms) of other
commodity into heat service production from last
bottom-up model iteration

kBU Total quantity input (in monetary terms) of capital
into heat service production from last bottom-up
model iteration

CostBU Total cost of heat service production from last
bottom-up model iteration

2 A number of studies have incorporated demand responses into bottom-up
models based on own-price elasticities of energy service demand (e.g., Ref. [1]).
However, this type of demand response does not consistently capture complex
sectoral effects (e.g. income and cross-sectoral effects).
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term carbon reduction scenarios. Overall, reduced from approach is
useful when addressing the global picture for which regional de-
tails are less important [2]. However, within a national policy
setting, reduced form is less useful because it by default leaves out
either sectoral or technological details.

The integrated MCP approach has been successfully applied to
the study of renewable energy promotion in Europe [13]. To study
the cost of limiting CO2 emissions through carbon taxes on elec-
tricity generation [14]. And to model intermittent renewable en-
ergy production in a general equilibrium model covering USA [15].
The focus on a single sector in these studies reflect that dimen-
sionality may limit the scope for integrating more than one sector.
In part because the MCP format typically leads to a doubling of the
number of equations and thereby increases the scope for errors in
model specification [16].

To address some of the limitations of the integrated approach,
B€ohringer and Rutherford [16] outline a soft linking approach based
on the MCP format. This approach has been used to study the
electricity generation decision (e.g., Ref. [17]). Soft linking involves
exchanging data between independent top-down and bottom-up
models, often in an iterative loop to ensure convergence between
the models (e.g., Ref. [18]).3 Soft linking has the advantage of of-
fering transparency in the effect chain, as both models are kept
complete, while complexity and running time are generally
manageable [19]. Furthermore, from a national policy perspective,
the advantage of soft linking is the potential for addressing complex
energy and climate policy issues, within a detailed representation
of both technical and sectoral effect [2].

A number of studies soft-link top-down and bottom-up models
for climate policy analysis focus on linking a single sector. Mar-
tinsen [19] focuses on linking the electricity sector in Norway.
Sch€afer and Jacoby considers the transport sector in global context
[20]. Drouet et al. [21] centres on the residential sector in
Switzerland. However, in recent years a growing number of na-
tional soft-linking studies rely onwhat Fortes et al. [1] have termed
a ‘full-link’ and ‘full-form’ approach. Full-link focuses on more than
one economic sector, while full form combines extensive technol-
ogy data and disaggregated economic structure.

Dai et al. [22] employ a full-form and full-link soft-linking
strategy to determine a baseline for China's CO2 emissions for
multiple sectors. Fortes et al. [1] demonstrate the ability of their
‘full-form’ ‘full link’ soft-linking strategy to evaluate climate miti-
gation policies for Portugal. While Krook-Riekkola et al. [2] discuss
a full-form and full-link soft-linking approach for evaluating a
climate policy scenario for Sweden. With minor variation, all these
three studies use an energy system bottom-upmodel (based on the
TIMES modelling framework [23]) to inform a national CGE model
on how sectoral fuel mix and fuel efficiency changes over time,
while the CGE model determines the sectoral energy service de-
mands drivers used in the bottom-up energy system optimization.

Based on their high level of sectoral and technological detail and
their focus on evaluating climate mitigation policy, Fortes et al. [1]
and Krook-Riekkola et al. [2] represent current best practice in
terms of applying soft-linking strategy within a national climate
and energy policy context. Nonetheless, Krook-Riekkola et al. [2]
identify two concerns, which apply equally well to both studies.
First, neither study formally account for the macroeconomic impact
of changes in investment demand associated with sectoral energy
service demand (although Krook-Riekkola et al. [2] implicitly

account for capital adjustment in the electricity generation sector
in the CGEmodel). This omission creates uncertainty, as to whether
the soft linking approach offers a complete picture of the cost of
climate mitigation policy. The second concern relates to the overall
consistency across models. Both studies rely on existing top-down
and bottom-up models for their soft linking strategy. This is a
source of inconsistency because sector definitions and energy
supply/demand structure differ across models. This model hetero-
geneity complicates the linking and necessitates the use of trans-
lation modules between the top-down and bottom-up. For
example, since the CGE models (in these studies) do not explicitly
model energy services, an intermediate module translates sector
production activity (from the CGE model) into the energy demand
drivers (used in the bottom-up model). The lack of consistency is
also reflected in that full convergence was not achieved by Krook-
Riekkola et al. [2].

This paper describes a novel soft linkingmethod for bridging the
gap between top-down and bottom-up models. The method was
developed as part of the IntERACT model, a comprehensive
modelling framework for evaluating Danish energy and climate
policies. The choice of a soft-link approach facilitates a detailed
modelling of both sectoral and technology effects, while ensuring
transparency in the effect chain. Unlike other national soft linking
approaches, which typically rely on already existing top-down and
bottom-up models, the top-down and bottom-up model (consti-
tuting the IntERACTmodel) was built from scratch. This has made it
possible to create a highly consistent parallel structure between the
top-down and a bottom-up model. A novel feature of the parallel
structure is the explicit modelling of energy service demands in the
top-down model. The consistency of the soft linking approach en-
sures full convergence between the top-down and bottom-up
model, while it also avoids the need for intermediate translation
modules. Finally, the soft linking method captures the macroeco-
nomic impact of investment flows associated with the sectoral
demand for energy services. Although the literature recognised the
importance of this issue (e.g., Ref. [7]). The novelty of this paper is
that it actually provides a comprehensive assessment of the mac-
roeconomic impact of investment flows associated with a sector
and technology specific climate mitigation policy. The remainder of
this paper is organised as follows. Section 2 develops our soft
linking method within a stylised setting. Section 3 discusses the
full-scale implementation of the soft linking method in the
IntERACT model. Section 4 considers a technology and sector-
specific policy experiment using IntERACT - the mandated use of
coal carbon capture and storage (CCS) technology in the Danish
concrete sector. Section 5 concludes.

2. Materials and methods

A hybrid model should allow for the integration of bottom-up
activity analysis into the top-down representation of the broader
economy [5]; defining activity analysis as the modelling of alter-
native technologies producing one or more products subject to
process-oriented capacity constraints. Hybrid modelling can be
facilitated by formulating the top-down model as a mixed
complementarity problem [24]. “Mixed” reflects the property that
the problem consists of equations and inequalities, while
“complementarity” mirrors the property that each equation/
inequality is associated with a particular unknown. Say in the case
where an inequality is in strict equilibrium (e.g. an unprofitable
production technique) the associated complementary variable
(production activity) will be zero.

B€ohringer and Rutherford [5] highlight how it is possible to
integrate the properties of a bottom-up approach fully into a top-
down CGE model based on the MCP format. The method rely on

3 Studies that rely on a one-direction soft-link also exists (e.g., Ref. [35]). How-
ever, one-directional soft-link approaches may well be suffering from a degree of
inconsistency, as this approach does not secure convergence between top-down
and bottom-up model results.
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the equivalence between the KarusheKuhneTucker (KKT) condi-
tions of a bottom-up linear programming (LP) problem and opti-
mality conditions of a CGE model, i.e. an equivalence between the
shadow prices of the LP constraints and market prices of the CGE
model. However, large scale implementation of the integrated
approach is limited by issues of dimensionality and complexity
[16]. Dimensionality, related to the increase in number of equations
in the top-down model, and complexity associated with the use of
bounds on many decision variables in full-scale LP models. Bounds
often introduced to avoid the “winner-takes-all” property of the
optimization problem (see Section 2.4.2. for a detailed discussion).

B€ohringer and Rutherford [16] suggest an alternative MCP
approach, which overcomes the issues of complexity and dimen-
sionality by soft linking a CGEmodel with a quadratic programming
bottom-up model. However, their bottom-up model only covers a
single sector (electricity generation sector) and hence does not
provide guidance on soft linking multiple industry sectors consis-
tently between a top-down and a bottom-up model. To provide
such guidance, this section instead show how it is possible to
decompose the integrated approach [5] into an equally consistent
soft-linking strategy designed for full-scale implementation. The
relevance of this strategy is underlined by its compatibility with
existing bottom-up optimisation frameworks, such as the TIMES
modelling framework used in more than 70 countries [25].

This section follows the approach taken in B€ohringer and
Rutherford [5], illustrating how it is possible to integrate a stylised
bottom-up model into a stylised top-down model formulation.
However, extending the scope relative to B€ohringer and Rutherford
[5] by dividing the year into time-slices; as this is an essential part
of energy system modelling, needed to capture seasonal demand
variation or the intermittency of renewable energy production. The
section then decompose the integrated approach into equally
consistent soft linking strategies (soft linking based on either full or
partial information exchange). Finally, the section concludes that
iterative soft linking using partial information exchange and
average cost pricing is superior in terms of full-scale
implementation.

2.1. Stylised top-down approach

The stylised top-down model is specified as a non-linear pro-
gramming problem in terms of zero profit, market clearance and
income constraints using common CGE MCP practice (e.g.,
Ref. [26]). The model describes a closed economy with two sectors,

one factor input (capital) and one representative household. Each
sector produces one good, heat service, and a good representing all
other goods (including fuels used for heat service production).
Table 1 provides stylised data on benchmark prices and the
benchmark quantity flows used to calibrate the stylised top-down
model. A positive record in the social accounting matrix part of
Table 1 implies a sale in a particular market, while a negative record
implies a purchase. The household receives income from their
capital endowment and divides the income between the purchase
of heat service and “other goods” to produce utility.

A Cobb-Douglas-function4 describes both the production tech-
nology of the “other goods” sector and the household utility func-
tion. Whereas a Leontief function describes the production of heat
service, i.e. heat service is produced using fixed relative proportions
of capital and “other goods” commodity based on input shares from
the social accountingmatrix. The choice of Leontief function echoes
the reliance of top-down models on historic data for determining
production technology and input use. The ensuing paragraphs in-
troduces the zero profit and market clearance conditions, focusing
on the heat service supply and demand. This narrow focus reflects
that the main contribution of this section is to show, how different
hybrid modelling strategies changes the modelling of heat services
in the stylised top-down model.

The market clearance conditions dictate that supply must be
greater than or equal to market demand for each commodity. Only
if demand equals supply does the commodity command a positive
price (the complementary variable). Equation (1) describes the
market clearance condition for heat service in the stylised top-
down model. Derived from microeconomic theory, the two terms
on the left hand side reflects respectively the Hicksian demand for
heat service by the household and the conditional heat service
demand by the “other goods” sector based on the Cobb-Douglas
function. The stylised top-down model is calibrated to replicate
the benchmark social accounting matrix (Table 1) using calibrated
share form [26], which means that activity indices (W, X and Y) will
be equal to unity in the benchmark solution.

The zero profit conditions of top-down models dictate that unit
cost of each sectoral production process must be at least as great as
unit revenue. If unit cost exceeds unit revenue, then the activity
level (the complementary variable) will be zero. Equation (2) dis-
plays the zero profit condition related to the Leontief heat service
production of the stylised top-down model. The left hand side
represents unit cost of production (weighted by benchmark input
flows of capital and “other goods” commodity), whereas the right
hand side represents unit revenue (weighted by benchmark
production).

Table 1
Prices and quantities in the benchmark equilibrium.

Prices PX ¼ PY ¼ PK ¼ PW ¼ 1

Social accounting matrix (million euro)

Other goods, (X) Heat service, (Y) Household (RA)

Other goods (X) 100 �5 ¡95
Heat service (Y) �5 10 ¡5
Capital (K) �95 �5 100

5$W$
P0:95X $P0:05Y

PY|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
household demand for

for heat service

þ 5$X$
P0:95K $P0:05Y

PY|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
other good sector demand

for heat serivce

� 10$Y|fflffl{zfflffl}
heat service

supply

; PY|{z}
complementary

variable

PK ; PX ; PY ;W;X; Y � 0 (1)

4 Constant-elasticity-of-substitution (CES) function with a input substitution
elasticity of one.
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5$PK þ 5$PX|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
heat service unit cost

� 10$PY;|fflfflfflffl{zfflfflfflffl}
heat service unit revenue

Y|{z}
complementary

variable

(2)

See Appendix A for an overview of all equations and comple-
mentary variables describing the stylised top-down model.
Appendix A also displays the complete top-down formulation for
the three subsequent stylised hybrid-modelling strategies.

2.1.1. Stylised bottom-up approach
The stylised bottom-up model is a LP problem, which de-

termines the least-cost solution to satisfy seasonal demands for
heat service. The problem includes three technologies (i) and two
seasons (j). Equations (3)e(5) describes the objective function and
constraints:

minCostBU ¼ minPX$
X
i

X
j

cxi $xi;j þ PK$
X
i

cki $ki|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
minimise total cost

(3)

X
i

xi;j � dkj $hj$Y|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
seasonal demand

constraint

lj|{z}
complementary variable:

(4)

ki$hj � xi;j|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
seasonal technology capacity

constraint

mi;j|{z}
complementary variable

(5)

xi;j;ki;lj;mi;j�0;

c i2½Biomass boiler;Oil boiler;Heatpump�;cj2½summer;winter�

whereas Equations (6)e(8) describes the dual (surplus maximiza-
tion) problem associated with the bottom-up model:

max
X
j

lj$d
k
j $hj$Y|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

maximise surplus

; (6)

PX$c
x
i þ mi;j � lj|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

optimal fuel

constraint

xi;j|{z}
complementary variable

(7)

PK$cki �
X
j

mi;j$hj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
optimal techology capacity

constraint

ki|{z}
complementary variable

(8)

The upper bars over Y;PXand PK indicate that these parameters
are exogenous to the bottom-up model as they capture general
equilibrium conditions related to demand for heat service and
input price levels. Initially, these parameters are equal to one
reflecting the benchmark activity and price levels in the top-down
model. Derived from the four optimization constraints, equations
(2), (3), (5) and (6), the four KKT conditions characterizing the
optimality of this linear program are given by equations (9)e(12):

X
i

xi;j � dk
j $hj$Y; lj � 0; lj$

 X
i

xi;j � dk
j $hj$Y

!
¼ 0 (9)

ki$hj � xi;j; mi;j � 0; mi;j$
�
ki$hj � xi;j

� ¼ 0 (10)

PX$cxi þ mi;j � lj xi;j � 0 xi;j$
�
PX$cxi þ mi;j � lj

�
¼ 0 (11)

PK$cki �
X
j

mi;j$hj; ki � 0; ki$

0
@PK$cki �

X
j

mi;j$hj

1
A ¼ 0

(12)

Two additional steps ensure that the benchmark solution to the
bottom-up model is consistent with the top-down model's
benchmark solution. First step defines a correspondence between
capacity cost in the bottom-up model and capital cost in the top-
down model; and a correspondence between fuel cost in the
bottom-up model and “other goods” cost in the top-down model.
The second step specifies the demand and technology parameters
(dkj ; hj; cxj and ckj ) such that the benchmark solution to the LP
problem match the benchmark monetary flows of energy service
production in the top-downmodel, i.e. the social accountingmatrix
(Table 1).

Based on the parameter values in Tables 2 and 3 the solution to
the LP problem involves a capacity of 2.5MW of oil boiler and
2.5MW of heat pumps. Oil boilers and heat pumps each deliver
12500MWh in the winter, while heat pumps deliver additionally
7500MWh in the summer. The total benchmark cost of heat ser-
vice production in the bottom-up model will be V10 million
divided betweenV5 million in fuel costs andV5 million in capacity
costs.

2.2. Integrating stylised top-down and bottom-up model into one

The integrated model incorporates the four KKT conditions from
the bottom-upmodel into the top-downmodel, i.e. adding seasonal
and technology-specific market clearance conditions (equations 9
and 10) and zero profit conditions (equations 11 and 12) for fuel
and capacity demand to the heat service sector.

The seasonal market clearance condition (equation (9)) requires
that the seasonal supply of heat service (summing over technolo-
gies) is greater or equal to demand. Only if supply is equal to de-
mand does a non-zero seasonal heat service price exist. Whereas
the market clearance condition for technology-specific capacity
(equation (10)) requires the seasonal supply of capacity to be equal
to demand for capacity if the technology-specific capacity is to
command a non-zero seasonal price.

The zero profit condition for fuel use (equation (11)) implies that
the marginal cost of fuel input must be at least as great as the
marginal revenue. When marginal cost exceeds marginal revenue
then the activity level (the complementary variable) must be zero.
The same interpretation applies to the zero profit condition for
technology capacity (equation (12)), i.e. the marginal cost of heat

Table 2
Bottom-up demand profile.

Description Parameter Summer Winter

Effect demanded (MW) dk
j

2.5 5.0

Hours per season hj 3000 5000
Total heat demand (MWh) ðdk

j ,hjÞ 7500 25000
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service production for a given technology must be equal to its
marginal revenue if the technology activity is to be non-zero.

The integrated approach further requires themodification of the
zero profit condition related to heat service production (equation
(2)). Modifying Equation (2) ensures zero profit when transforming
seasonal heat service production to an annual heat service demand
commodity. The left hand side of equation (13) reflects annual
consumption weighted heat service costs, whereas the right hand
side reflects annual heat service revenue.X
j

h
dkj $hj$lj

i
� 10$PY ; Y|{z}

complementary variable

(13)

In addition, market clearance conditions for capital and “other
goods” is updated to reflect input of these goods into heat service
production. Appendix A gives a complete outline of the move from
the stylised top-down approach to the integrated approach.

2.2.1. Policy experiment: banning oil boilers
Now consider the technology specific policy of banning oil

boilers to achieve a climate policy target. Table 4 shows the solution
to the bottom-up model and the integrated model when imposing
such policy.

The bottom-up model lacks demand response, which means
that banning oil boilers simply leads to a one-to-one replacement of
oil boiler capacity with heat pump capacity. Total cost of heat ser-
vice production increases by V0.2 million due to additional capital
cost and the lower utilisation rate of heat pump capacity in the
policy scenario. Consequently, the price of heat service increase
from 307.7 V/MWh to 312.3 V/MWh.

Using the integrated approach, the increase in the price of heat
service leads to a reduction in the demand for heat service by 2% (or
678MWh). This demand-response moderates the increase in the
price of heat service by 0.4 V/MWh compared to the bottom-up
solution. The integrated approach also shows that banning oil
boilers reduces household demand for other goods by 0.1% and
household welfare by 0.15%.

This stylised experiment confirms the relevance of an integrated
approach. In isolation, the top-down model cannot answer
technology-specific policy questions, while using the bottom-up
model alone ignores essential demand responses and adverse
macroeconomic effects.

2.3. Soft linking using full information

A fully integrated hybrid model is difficult to implement in
practice due to issues related to complexity and dimensionality.
Instead, choosing a soft linking approach offers a way of avoid the
need to represent technological and seasonal details in the top-
down model. Tapia-Ahumada et al. [15] raises an equally impor-
tant point, namely that top-down-modellers do not have the
necessary information to build an integrated model without the
assistance of bottom-up models. This suggests that keeping the
bottom-up model intact is key for successful hybrid modelling.
Hence, the next subsection decomposes the integrated approach
into an equally consistent iterative soft linking strategy. To this end,
the subsection discussed the introduction of connection points
between the bottom-up and top-down model, i.e. the links intro-
duced to exchange information between the models as part of the
iterative soft linking process.

2.3.1. Connection points in the stylised bottom-up model
In the bottom-up model, the iterative soft linking strategy in-

volves using the general equilibrium conditions related to heat
service demand and input price levels (Y; PX and PKÞas connection
points to the top-down model. The value of Y;PXand PKare updated
based on the value of Y; PXand PK from the most recent top-down
model iteration. In other words, consistent soft linking involves
harmonising the price and demand changes in the bottom-up
model to those of the top-down model.

2.3.2. Connection points in the stylised top-down model
In the top-down model, the goal is to emulate bottom-up heat

service production. This requires two types of connection points.
The first connection point fixes the price of heat service in the top-
downmodel tomatch the relative change in heat service price from
the bottom-up model. While the second connection point ensures
that heat service production technology in the top-down model
reflects the choice of technologies in the bottom-upmodel in terms
of aggregate capital and fuel input.

Adding equation (14) fixes the heat service price in the stylised
top-down model to the change in heat service price from the
bottom-up model. Equation (14) relay the change in the annual
consumption-weighted marginal price of heat service (relative to
benchmark) from the bottom-up model. Using the annual
consumption-weighted marginal price as a means of translating
from the seasonal time slice level in the bottom-up model to the
annual price level of the stylised top-down model. An endoge-
nously determined price wedge (t) is introduced as complemen-
tary variable to equation (14), to control the price of heat service
exogenously in the top-down model.

Table 3
Technology parameters.

Description Parameter Biomass boiler Oil boiler Heat pump

Capacity cost (V/MW) cki 1200000 750000 1250000

Energy input
cost (V/MWh)

cxi 220 208 120

Table 4
Comparing results from the bottom-up model and the integrated model.

Benchmark Banning oil boilers

Bottom-up Integrated Bottom-up Integrated

Heat pump output (MWh) 20000 20000 32500 31822
Oil boiler output (MWh) 12500 12500 0 0
Annual heat service price (V/MWh) 307.7 307.7 312.3 311.9
Total cost of heat sector output (V million) 10.0 10.0 10.2 9.9
Household demand, other goods 95 94.9
Household demand, heat service 5 4.9
Welfare change in percent 0 �0.15

Note: The GAMS-code used to derive these results accompanies this paper.
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PY ¼ L ¼
X
j

h
dkj $hj$lj

i,X
j

�
dkj $hj$lj

�
; t|{z}
Complementary variable:

price wedge

(14)

The second connection point modifies the zero profit condition
of the heat service sector to equation (15). In effect, re-calibrating
the Leontief heat service production based on technology infor-
mation from the latest bottom-up model iteration.
where: xBU ¼P

i;j
cxi;j$xi;jand kBU ¼P

i
cki $ki

The first term on the left-hand-side of equation (15) is the ratio
between the input quantities (measured inmonetary units) relative
to the output quantity in the bottom-up model (Y is the heat ser-
vice activity index used in the most recent bottom-up model iter-
ation). A decrease in this term implies that heat service production
becomes more efficient. The second term represents the recali-
bration of the input shares in the Leontief production function,
while the right-hand side of equation (15) expresses the producer's
price of heat service net of the price wedge. Understood within the
MCP framework, equation (15) states that the output of heat service
(Y) will be positive if, and only if, the cost of producing heat service
(based on technology information from the bottom-up model) is
equal to the net producer price of heat service.

The iterative soft linking approach convergences fully to the
solution provided by the integrated model within five iterations
(see Section 2.5). A key feature of the convergence is that the price
wedge becomes zero, as the stylised top-down model emulates the

production technology from the bottom-up models, while the
bottom-up model takes the general equilibrium feedback from the
stylised top-down model fully into account.

2.4. Soft linking using partial information and average cost pricing

Soft linking using full information offers an increase in flexibility
and transparency over the integrated approach. Flexibility since
both the use and further development of the top-down and
bottom-up model can take place independently. Transparency as
the method provides insight into the effect chain between top-
down and bottom-up model. Even so, soft linking using full

information will likely prove difficult in a full-scale setting. As this
approach does not address dimensional and conceptual differences
related to capital demand and energy service prices. The next two
subsections will address a solution to these issues in the form of a
soft linking strategy using partial information exchange and
average cost pricing.

2.4.1. Bridging the capital demand differences between bottom-up
and top-down models

In practice, conceptual differences exist between capital de-
mand in top-down and bottom-up models. Capital demand in top-
down models is based on very aggregated national account statis-

tics, while the capital demand in bottom-up models is based on
investment costs related to specific energy services, traditionally
sourced from detailed technology catalogues.

However, within the stylized soft linking framework it is
possible to capture the macro economic impact of changes in
capital demand implicitly without exchanging information on
capital between the models. To see how, consider what happens in
the stylised soft-linkedmodel when kBU(in equation (15)) is fixed at
its benchmark value ofV5million. In this case, the price wedge will
no longer converge to zero. Instead, the rent generated by the price
wedge (in the stylised top-down model) will reflect the now
missing bottom-up capital cost component. This follows from the
presence of a zero profit condition in stylised top-downmodel. It is
hence possible to account for the macroeconomic impact of capital
cost by adding the wedge rent divided by the price of capital to the
market clearance equation for capital in the stylised top-down
model, see equation (16).

2.4.2. Average versus marginal cost pricing
In the stylised bottom-up model, the shadow price of heat ser-

vice demand is equal to the average cost of heat service production.
This reflects that constant returns to scale prevail in the stylised
setting, i.e. equivalence exists between using marginal and average
cost pricing. However, this equivalence breaks down when intro-
ducing binding bounds on decision variables in the LP problem.

In full-scale energy system modelling, heterogeneity of energy
service demand often dictates the introduction of bounds on de-
cision variables. The heterogeneity reflects that energy services are
produced and consumed within a particular firm (or household), at
a particular site, at a particular time, using a particular technology,
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for a particular process. One may, for example introduce lower
bounds to capture that firms, within a specific geographical area,
cannot readily substitute a specific energy service technology (e.g.
oil-boilers). However, when introducing binding lower bounds on a
technology, the technology can no longer serve as a marginal
supplier of energy service demand. In this case, the shadow price of
the energy service demand will not reflect the cost of bounded
technology.

To summarise, in case the energy service commodity is very
heterogeneous the shadow price of energy service demand is a
poor measure of energy service cost (for use in a top-downmodel).
Instead, average cost pricing provide a means of bridging the gap
between the heterogeneity of energy services in the bottom-up
model and the aggregated nature of energy services in the top-
down model e aggregated in the sense that top-down models
traditionally neglect geographical, temporal and technological de-
tails. Average cost pricing also ensures consistency with the zero
profits assumption of the top-down model. In other words, the
price of energy service in the top-down model is equal to the
average cost of providing energy service in the bottom-up model.
Without this consistency, firms would either operate at a loss or
generate pure profit.

To go frommarginal to average cost price equation (17) replaces
equation (14) in the stylised soft-linked model. Equation (17) cap-
tures the average cost of energy service production as determined
by the latest bottom-up model iteration. The nominator expresses
the total cost of energy service production, while the denominator
expresses the quantity of energy service produced.

PY ¼ CostBU
10$Y

¼ PX$
P

i
P

jc
x
i $xi;j þ PK$

P
ic

k
i $ki

10$Y
; t|{z}
complementary variable

(17)

2.5. Convergence of soft linking strategy using full and partial
information

Table 5 show the convergence for key variables of the two soft
linking strategies to the integrated model for the policy experiment
(banning oil boilers). With iteration five, full convergence to the
integrated approach is observable for both soft linking strategies.
The convergence in the cost of fuel inputs for heat service is prac-
tically identical for the two soft linking strategies. However, using
the soft linking strategy based on partial information exchange, the
capital input cost of heat service production converges to V4.9926

million (not the V6.1105 million associated with the integrated
approach). This reflects that the partial strategy does not directly
capture the change in capital use associated with heat service
production in the bottom-up model. Instead, the heat service
wedge rent captures this missing capital component.

2.6. Method conclusion

This section has illustrated three different approaches for inte-
grating the properties of a top-down and bottom-up model into a
fully consistent hybrid model. Each approach facilitates the evalu-
ation of the economy-wide effects of a technology-specific energy
policy.

However, limitations apply to the full-scale implementation of
the integrated approach as well as soft linking using full informa-
tion. Complexity and dimensionality mean that the integrated
approach is not practically feasible. Whereas, soft linking using full
information will likely also prove difficult to implement in a full-
scale setting due to conceptual differences between the top-down
and bottom-up model related to capital demand and energy ser-
vice prices.

In conclusion, soft linking using partial information while
relying on average cost pricing provides a superior method for soft
linking top-down and LP energy system models. This approach
allows us to overcome both dimensional and conceptual differ-
ences related to capital demand, while the soft linking approach
offers benefits in terms of transparency and flexibility.

3. Full-scale application of method

This section describes the implementation of the partial soft
linking strategy in the Danish IntERACTmodel. The section starts by
introducing the full scale top-down (CGE) model and full scale
bottom-up model (TIMES-DK), which together form the IntERACT
model. The section further discusses a number of important aspects
of the full-scale implementation of soft linking strategy, including
model harmonisation, the adaptation of the connection points from
the stylised model, price harmonisation, calibration and the auto-
mated iterative soft linking routine. Focus is on the application of
the soft linking strategy to 12 industry sectors.5 The 12 sectors
account for roughly 90% of final energy demand by industry and
encompass primary, secondary and tertiary industry sectors.

Table 5
Comparing results from alternative scenario (banning oil boilers) integrated approach with soft linking iteration based on full and partial information.

Soft linking Heat service: Fuel
input cost (million
V)

Heat service:
Capital input cost
(million V)

Heat service: wedge
rent (million V)

Heat service:
Capital input
cost þ wedge rent
(million V)

Cost of heat service
production (million
V)

Welfare change
(percent)

Full Partial Full Partial Full Partial Full Partial Full Partial Full Partial

Iteration 1 3.9000 3.9000 6.2500 5.0000 0.0128 1.2311 6.2628 6.2311 10.1500 10.1500 �0.3909 �0.3722
Iteration 2 3.8035 3.8042 6.0904 4.9920 �0.0011 1.1023 6.0893 6.0942 9.8940 9.8958 �0.1126 �0.1175
Iteration 3 3.8174 3.8172 6.1130 4.9927 0.0001 1.1197 6.1131 6.1123 9.9303 9.9299 �0.1522 �0.1514
Iteration 4 3.8157 3.8157 6.1102 4.9926 0.0000 1.1177 6.1102 6.1103 9.9259 9.9260 �0.1474 �0.1475
Iteration 5 3.8159 3.8159 6.1105 4.9926 0.0000 1.1179 6.1105 6.1105 9.9264 9.9264 ¡0.1479 ¡0.1479
Integrated 3.8159 6.1105 - 6.1105 9.9264 ¡0.1479

Note: Bold text indicates absolute converge between integrated approach and the soft linking strategies. The GAMS-code used to derive these results accompanies this paper.

5 The IntERACT model also soft-link the power and district heating supply sector,
household heating and appliance demand in the IntERACT model, applying the
same basic methodology. Future work will document these aspects of the model in
detail.
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3.1. Full scale bottom-up approach

TIMES-DK is a multi-regional model covering the entire Danish
energy system from 2010 to 2050. TIMES-DK is based on the TIMES
modelling framework [23] and minimises total discounted system
costs, assuming perfect foresight. TIMES-DK has a detailed
geographical representation, while it captures variability in elec-
tricity supply and demand by dividing the year into 32 time slices
[27]. The model covers the supply sector (import/export of primary
and secondary fuels, fuel extraction and refining of oil products),
the power sector (including heat production and distribution
through district heating network), residential sector (heating and
appliance demand), transport and 12 industry sectors.

Each of the 12 industry sectors demand up to seven energy
services including high and medium temperature process heat,
roomheating services, electric motors and cooling, fork lift services,
lighting and appliances. Energy service demand in TIMES-DK is
understood as the net energy demand associated with the partic-
ular type of energy service, i.e. energy available to the firms and
consumers after having accounted for conversion losses. The cali-
bration of TIMES-DK involves endowing the model with fuel-
specific conversion capacities to ensure that the model matches
historic fuel demand by energy service and sector. This endowment
process treats existing energy service capacities as sunk costs. In
future modelling years, TIMES-DK satisfies energy service demand
in one of three ways: Using existing capacities, by investing in new
fuel (and energy service) specific (conversion) capacity or by
investing in energy service specific savings.

3.2. Full scale top-down approach

The CGEmodel is a single countrymultisectormodel formulated
in the MCP format by using the mathematical programing system
MPSGE [12]. The model consists of 20 economic sectors, a gov-
ernment and a representative household. The main data inputs are
national accounts and energy account statistics for the Danish
Economy for the year 2012 [13]. The trade balance is fixed.

Armington specifications are used to model trade, i.e. foreign goods
are imperfect substitutes [28]. The model consists of three factor
markets: labour, machinery capital and building capital. Labour and
capital markets are homogenous, which reflects the modelling of a
long-run equilibrium.

The approach taken in IntERACT differs from the standard CGE
modelling practice along two dimensions. First, the CGE model
explicitly model demand for energy service for the 12 sectors (See
Appendix B list of sectors in the CGEmodel). Second, the CGEmodel
includes equations that make it possible to update both energy
service prices and production technology based on information
from TIMES-DK. Fig. 1 illustrates the generic structure of the 12
soft-linked sectors. Each node in the figure represents a constant
elasticity of substitution function with a particular substitution
elasticity. A separate study has guided the choice of nesting struc-
ture and substitution elasticities [29]. Except for the aggregated
energy service nest (E), which assumes substitution elasticity of
zero, reflecting the presumption that the share of different types of
energy service within a sector remains fixed into the future.

CGE baseline calibration is done by matching a gross domestic
product (GDP) projection from the Danish Ministry of Finance,
using a Hicks-neutral technology innovation index [30]. The
development in government consumption, investment, and net-
export is also exogenous in the model, fixed using the same
source as the GDP projection. Using the model for a policy exper-
iment, involves fixing the Hicks-neutral technology index to its
baseline calibration level, and thereby allowing GDP adjust
endogenously in the policy scenario.

3.3. Model harmonisation

The main component of the model harmonisation is the parallel
structure created between the two models, i.e. the energy service
demand in the CGE model mirrors the structure of energy service
supply in TIMES-DK for the 12 soft-linked industry sectors. Both
models have been calibrated on the same energy account statistics
and sectoral energy service mapping [31].

Fig. 1. Generic nesting tree for the 12 energy-service-demanding sectors in the CGE model.
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3.4. Connection points in full scale bottom-up model

TIMES-DK contains two connection points. These connection
points allows for the updating of sectoral energy service demands
and fuel prices directly based on the CGE model. Thereby harmo-
nising fuel prices and demand changes in the bottom-up model to
those of the top-down model. Future research will explore the
introduction of a connection point in TIMES-DK to facilitate the
harmonisation of the price of capital across models.

3.5. Connection points in full scale top-down model

Box 1 contains the nomenclature and equations (18) and (19),
describing the two connections points introduced in CGE model.
The first connection point relays information from TIMES-DKon the
change in the average price for each sectoral energy service (rela-
tive to the benchmark year). In effect, transforming equation (17)
into equation (18) by adding dimensions that reflect the sector,
energy service and year. The complementary variables are the
endogenous price wedges needed in the CGE model to match the
change in the average price of energy service from TIMES-DK. The
average price of energy service is defined as total cost of providing
the energy service in TIMES-DK, i.e. fuel costs, fuel taxes, fixed,
variable and investment costs, divided by the quantity of energy
service produced.

pesn;s;year ¼

P
zðCostn;s;z;yearÞ
esn;s;yearP

z
ðCostn;s;z;2012Þ
esn;s;2012

; tn;s;year|fflfflfflfflffl{zfflfflfflfflffl}
complementary variable

(18)

The second connection point, equation (19), re-calibrates the pro-
duction technology of energy services in the CGE model according
to the production technology used in TIMES-DK. The left hand side
of equation (19) consists of two terms; the first term is a measure of
the change in conversion efficiency (measured in monetary terms)
between fuels and energy service relative the benchmark year.
Whereas the second term, on the left hand side, updates fuel
quantity shares in the energy service production functions in the
CGE model. The right hand side of equation (19) captures the net
producer price of the energy service.

Equation (19) has the same basic components as the zero profit
condition of heat service in the stylized model (equation (15))
except for the absence of capital demand and inclusion of fuel tax
rates. The absence of capital demand from equation (19) is funda-
mentally due to the lack of national account statistics on capital
demand associated with specific energy services; cf. the discussion

in Section 2.4.1. Including taxes, captures the significance of fuel
taxes on energy service costs. Future tax rates in the CGE model are
calculated based on fuel costs and fuel revenues from TIMES-DK (by
sector, service and fuel). Updating tax rate in this manner ensures
convergence across models in terms of fuel tax revenues.

3.6. Interpretation of a price change relative to the benchmark year

This subsection conceptualise how IntERACTovercomes key soft
linking consistency issues, related to prices and costs. Fig. 2 illus-
trates the different cost components in the CGE and TIMES-DK
models associated with a representative energy service in 2012
(benchmark year) and 2035. Assuming that the demand for energy
service is the same in 2012 and 2035 enables the interpretation of a
relative change in the total costs of energy service as corresponding
to the relative change in the price of the energy service.

In the benchmark year, only fuel cost and fuel taxes determine
energy services production cost in the CGEmodel and in TIMES-DK.
However, in futuremodelling years investment (as well as fixed and
variable) costs play an important part in determining the total cost
of energy service production in TIMES-DK. This occurs as new
conversion technologies replace existing (sunk cost) technologies
in the TIMES-DK model.

Equation (19) ensures convergence between TIMES-DK and the
CGE model in terms of fuel costs and fuel tax revenues. Nonethe-
less, without additional price information fromTIMES-DK, the price
of energy service in the CGE model will only reflects the change in
fuel cost and taxes; corresponding to a 20% reduction in relative
price of energy service in Fig. 2. The price wedge in Equation (18)
provide the additional price information, allowing the CGE model
to capture the “actual” 40% increase in the energy service cost. Just
as in the stylised approach, the rent generated by the price wedge

in the CGE model reflects the missing bottom-up cost component
(i.e. the missing variable, fixed and investment costs), as illustrated
in Fig. 2. Based on the assumption that the wedge rent mainly re-
flects capital demand associated with energy services, the rent
from thewedge is used to buy capital in the CGEmodel. By doing so,
the method captures the general equilibrium impact of energy
service capital in terms of its crowding-out effect on alternative
capital uses in the economy.

3.7. Full scale iteration routine

The iterative routine starts by runing TIMES-DK to inform the
CGE-model on future energy service prices, energy service pro-
duction technologies and fuel taxes. Based on this information, the
CGE-model determines new energy service demands and prices.
TIMES-DK uses these new demands and prices in the second
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iteration to project a new set of energy service prices, energy ser-
vice production technologies and fuel taxes. This iterative proces
continues until fuel cost and fuel tax revenues (by sector, service
and fuel) have converged fully. This happens within 5 iterations.
The choice of fuel costs and fuel tax revenues as convergence

criterion reflects that these components are equally and well
defined in both TIMES-DK and the CGEmodel. The coherence of the
TIMES-DK and the CGE model avoids the need for intermediate
translation modules, as used by other national soft linking studies.
The iteration routine is fully automated and takes approximately 15
minuttes to complete on a standard office laptop. This is approxi-
mately five times longer than it takes to run a stand-a-lone version
of TIMES-DK. The results are, however, qualitative very different
because running TIMES-DK alone neglects important behavioural
demand feedbacks and key macroeconomic consequences.

4. Results and discussion

This section demonstrates the potential of the soft linking
strategy by considering a narrow yet radical policy: Unilateral
implementation of coal CCS-technology in the Danish concrete,
brick, glass and ceramic sectors (henceforth the concrete sector). This
CCSpolicy is bynomeans cost effective in terms of CO2 abatement as
it violates basic textbook recommendations, most notably that the
marginal abatement cost should be equal across sectors and coun-
tries [32]. Still, given the proposed role of CCS technology in limiting
global temperature increase to below 2 �C [33], it is crucial to have
modelling tools that can evaluate both the energy system and
economy-wide effect of introducing CCS technology.

Two assumptions in particular drive the results. First, the cost
and technical properties of the coal CCS technology (Appendix C)
and, second, the minimum share of coal-based technologies to
satisfy the demand for medium and high temperature energy ser-
vice in the concrete sector, set at 30% for 2035. Both of these as-
sumptions are debatable. However, an important rationale for
using a hybrid model, such as IntERACT, is that it offers trans-
parency and flexibility to adjust these technical assumptions based
on a dialogue with technical experts and stakeholders [34].

4.1. Climate mitigation in the concrete sector

The policy forces the adoption of coal CCS technologies in 2035
by banning traditional coal-based technologies in the concrete
sector. Fig. 3 and Fig. 4 show the concrete sector's CO2 emissions

Fig. 2. Stylised illustration of cost components and price change for a representative energy service in TIMES-DK and CGE model in 2012 and 2035. Note: Assuming the same
energy service demand in 2012 and 2035.

Box 1

IntERACT nomenclature and CGE model connection points

Indices

n Economic sector

s Energy service

f Fuel

z Energy service cost components (fuel, taxes, variable,

fixed and investment)

Variables

pesi;s;year Energy service price (CGE-model)

esn;s;year CGE energy service activity/demand

tn;s;year Sector and energy service specific price wedge

pff ;year Fuel price (CGE model)

Parameters

Costn;s;z;year Energy service cost (TIMES-DK)

esn;s;year Energy service demand used in previous

TIMES-DK iteration

xCGE
n;s;f;2012 CGE benchmark fuel input quantity (measured

in monetary units, real 2012 prices)

xTIMES�DK
n;s;f;year TIMES-DK fuel input quantities (measured in

monetary units, real 2012 prices)

taxn;s;f;year CGE fuel tax rate calculated based on output

from TIMES-DK
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and the fuel input shares in 2035 for the baseline and policy sce-
nario respectively.

The baseline scenario is associated with continuous growth in
CO2 emissions and fuel consumption up to 2035. The CCS policy
leads to a 56% reduction in CO2 emissions relative to the baseline.
The high share of coal in the fuel mix increases in 2035, which
reflects that coal-based technologies are competitive (based on fuel
and CO2 price assumptions). In the policy scenario, the high costs of
coal CCS technologies leads to the substitution of coal for natural
gas in the fuel mix. The remaining, significant share of coal in the
policy scenario is due to the lower efficiency of coal CCS technol-
ogies and due to the critical assumption that coal-based technol-
ogies have to satisfy close to a third of energy service demand for
high and medium temperature process heat in 2035.

4.2. Forced adaptation of expensive climate mitigation technologies
leads to higher energy service prices and lower demand

Fig. 5 depicts the effect of the coal CCS policy on the energy

service prices in the concrete sector in 2035. The coal CCS policy
leads to a doubling of the price of both medium and high temper-
ature heat services compared to the baseline, while the price of
other energy services are unaffected. The change in the price of
high and medium temperature increases the price of the aggre-
gated energy service nest for the concrete sector in the CGE-model
by seven percent. This change in the aggregated energy service
price reduces the overall energy service demand from the concrete
sector by close to 8% in 2035 relative to the baseline.

4.3. Convergence in fuel and investment costs

Fig. 6illustrates the convergence in fuel costs and fuel tax rev-
enue across TIMES-DK and the CGE model for the concrete sector.
Parallel to the stylised model, full convergence in fuel and tax cost
can be observed after five iterations.

Fig. 7 highlights the different cost components of energy service
production for the concrete sector in year 2035 across models and
scenarios for iteration 5. Fig. 7 confirms that wedge rent is capable
of approximating investment, variable and fixed cost from TIMES-
DK. In particular, the change in wedge rent between baseline and
policy (V107 million) compares well with change in investment,
fixed and variable costs from TIMES-DK (totalling V121 million).

4.4. Economy-wide effect

Fig. 8 shows the change in sectoral activity. The CCS policy re-
duces the activity of the domestic concrete sector by nine percent
relative to the baseline. One could, in principle, capture the isolated
effect on the concrete sector by using the TIMES demand elasticities
feature [23] in a standalone version of TIMES-DK. However, the
benefit of a hybrid model, such as IntERACT, is that it captures the
complex sectoral effect of the policy, which includes both upstream
effects (increase in gas distribution sector) and downstream effects
(reduction in construction sector). However, it also includes effects
that follow from changes in the relative price of capital and labour
(decrease in chemical sector) and effects related to changes in
households’ disposable income (reduction in the activity of the
wholesale and retail sector). The overall policy impact is a reduction
in gross domestic product (GDP) of 0.05% in 2035.

4.5. Carbon leakage

A key consideration for any climate mitigation policy is carbon
leakage. Carbon leakage occurs as climate mitigation in a country
increases CO2 emissions in other countries. Using CGE part of the

Fig. 3. CO2 emissions in 2035 from the concrete sector in baseline and policy scenario
(iteration 5).

Fig. 4. Share of total fuel input in the concrete sector by energy content in 2035 in
baseline and policy scenario (iteration 5).

Fig. 5. Average price of energy services in concrete sector in 2035 Baseline and CCS
Policy scenario (iteration 5).
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IntERACT model, carbon leakage is estimated as the change in net-
import of the concrete commodity (change in import minus change
in export) divided by the change in the domestic concrete pro-
duction. The CCS policy increases net import of concrete by V316
million and reduces domestic production by V357 million in 2035,
suggesting a carbon leakage of around 88%. This results is, however,
highly sensitive to the assumed CO2-intensity of foreign concrete
production. The extent of the carbon leakage effect underscores
that the policy, as expected, does little or nothing in terms of
mitigating global climate change.

5. Macroeconomic impact of energy service investment flows

This section provides an assessment of the macroeconomic

impact of investment demand associated with coal CCS technology.
Two effect dominates the sectoral capital demand in IntERACT
model, an activity and a technical effect. The activity effect is a pure
CGEmodel effect, which captures the relationship between sectoral
activity and capital demand. While the technical effect rely on the
wedge rent to capture investment flows associate with sectoral
energy service demand in TIMES-DK.

The activity effect, of the coal CCS policy, reduces the concrete
sector's capital demand by 9% (V250million) in 2035 relative to the
baseline. Thereby, matching the decrease in the activity of the
concrete sector closely (cf., Fig. 8). The technical effect increases the
concrete sector's demand for capital byV107 million, following the
adoption of coal CCS technology. The net effect is a reduction in the
capital demand by the concrete sector of 5% (V143 million).

Fig. 6. Convergence in total fuel costs and tax revenue between TIMES-DK and CGE for concrete sector in 2035.

Fig. 7. Decomposition of energy service cost in the concrete sector in 2035 for baseline and CCS policy (iteration 5).
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Resulting in an increase in the capital intensity of the concrete
sector (as sectoral activity is reduced relatively more than capital
demand). The higher capital intensity of concrete sector increases
the user cost of capital throughout the economy by 0.2% in 2035
(relative to the baseline).

Using IntERACT, it is possible to estimate the significance of the
energy service investment flows for the macroeconomic impact
assessment, and in so doing provide an indication of what might be
missing in studies that do not consider the energy system invest-
ment flows. The estimation compares the 0.05% reduction in GDP
from the coal CCS policy with the decrease in GDP that follows from
simply reducing capital endowment in the baseline scenario by an
amount corresponding to the wedge rent in the policy scenario,
while compensating households for their loss of capital income.
This crude estimate suggests that approximately half of GDP effect
associated with the coal CCS policy is a consequence of additional
investment flows related to the energy service demand of the
concrete sector. This result emphasises the importance of ac-
counting for the macroeconomic impact of changes in investment
flows in the energy system, when studying climate mitigation
strategies.

6. Conclusion

This paper has presented an improved soft linking method
capable of accessing detailed technical and sectoral climate and
energy policy question. Compared with existing studies the
method offers a solution to the consistency issues typically asso-
ciated with the soft linking of bottom-up and top-down models.
The paper, also adds to the literature by providing a means of ac-
counting for the macroeconomic impact of energy system invest-
ment flows.

Derived from a fully consistent integrated approach, the pro-
posed soft linking method overcomes issues of complexity and
dimensionality by relying on partial information exchange and
average cost pricing. The paper further illustrated how modelling
energy service demand explicitly in a top-down model, allows for

the creation of a parallel structure between a top-down and a
bottom-upmodel. The parallel structure reinforces consistency as it
supports the clear division of labour between the top-down model
and the bottom-up model. The bottom-up model determines the
relative price of energy services and the associated production
technology, while the top-down model determines energy service
demands.

Finally, the paper has illustrated the potential of the method for
capturing both energy system and economic wide effects, by
considering the mandatory adoption of coal CCS technology by the
Danish concrete sector. This sector and technology specific policy
leads to a large contraction in the Danish concrete production, and
in turn, to a carbon leakage effect of upwards of 88%. The policy
experiment further shows that half of the policy-induced decline in
GDP follows from additional capital demand associated with coal
CCS technology. Underscoring the necessity of capturing the mac-
roeconomic effects of investment flows associated with the energy
system when modelling climate and energy policy questions.
Owing to the importance of capital demand for the policy conclu-
sion, future research will explore the linking methodology related
to the price of capital and capital accumulation. A key part of this
will be to improve the dynamic properties of the CGE model, i.e. by
introducing endogenous investment and capital accumulation
decisions.
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Fig. 8. Relative change in sectoral activity relative to baseline across the 20 sectors in the CGE model (iteration 5).
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Table 1A.
Stylised top-down model under different linking assumptions

Inequality Stylised top-down formulation Integrated top-down formulation Soft-link top-down formulation Partial soft linking using average cost pricing
top-down formulation

Equation Complementary
variable

Equation Complementary
variable

Equation Complementary
variable

Equation Complementary
variable

I. Non-positive profits for
sector X (other goods
sector)

100$P0:95K $P0:05Y � 100$PX X 100$P:0:95K $P0:05Y � 100$PX X 100$P:0:95K $P0:05Y � 100$PX X 100$P:0:95K $P0:05Y � 100$PX X

II. Non-Positive profits for
sector Y (heat service
sector)

5$PK þ 5$PX � 10$PY Y Sj ½dkj $hj$lj� � 10$PY
PK$cki � Sj ðmi;j$hjÞ (optimal
capacity)
PX$cxi þ mi;j � lj(optimal
demand)

Y
mi;j
ki

0
@xBU þ kBU

10$Y

1
A$

0
@xBU$PX þ kBU$PK

xBU þ kBU

1
A

� ð1� tÞ$PY

Y
 
xBU þ 5
10$Y

!
$

 
xBU$PX þ 5$PK

xBU þ 5

!
� ð1� tÞ$PY

Y

III. Non-positive profits
for W (utility sector)

100$P0:95X $P0:05Y � 100$PW W 100,P0:95X ,P0:05Y � 100,PW W 100$P0:95X $P0:05Y � 100$PW W 100$P0:95X $P0:05Y � 100$PW W

IV. Supply�Demand for
sector X (other goods
sector)

100$X � 95$W$
P0:95X $P0:05Y

PX
þ 5,Y

PX
100,X � 95,W,

P0:95X ,P0:05Y
PX

þ
Si;jðcxi $xi;jÞ

PX
100$X � 95$W$

P0:95X $P0:05Y
PX

þ xBU

PX
100$X � 95$W$

P0:95X $P0:05Y
PX

þ xBU

PX

V. Supply�Demand for
sector Y (heat service
sector)

10$Y � 5$W$
P0:95X $P0:05Y

PY

þ 5$X$
P0:95K $P0:05Y

PY

PY
10$Y � 5$W$

P0:95X $P0:05Y
PY

þ

5$X$
P0:95K $P0:05Y

PY
Siðxi;jÞ � hj$d

k
j $Y(seasonal

demand clearance)
ki$hj � xi;j(seasonal capacity
clearance)

PY
lj
xi;j

10$Y � 5$W$
P0:95X $P0:05Y

PY

þ 5$X$
P0:95K $P0:05Y

PY

PY
10$Y � 5$W$

P0:95X $P0:05Y
PY

þ 5$X$
P0:95K $P0:05Y

PY

PY

VI. Supply�Demand for
sectorW (utility sector)

100,W ¼ I
PW

PW
100$W ¼ I

PW
PW

100$W ¼ I
PW

PW
100$W ¼ I

PW
PW

VII. Supply�Demand for
sector K 100 � 95$X$

P0:05Y $P0:95X
PX

þ
5$Y

PK
100 � 95$X$

P0:05Y $P0:95X
PX

þ Siðcki $kiÞ

PK
100 � 95$X$

P0:05Y $P0:95X
PX

þ kBU
PK

100 � 95$X$
PaK$P

1�a
Y

PX
þ 5$Yþ

10$t$PY $Y
PK

PK

VIII. Income balance I ¼ 100$PK I I ¼ 100$PK I I ¼ 100$PK I I ¼ 100$PK I
IX. Additional soft linking

constraint
PY ¼ L t

PY ¼ CostBU
10$ Y

t

Grey shading signifies no change relative to the stand-a-lone CGE formulation.
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Appendix B

Appendix C. CO2-capture-07 CO2 Capture and Storage
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Abstract

The EU’s Energy Efficiency Directive (EED) sets a binding target for energy savings in EU Mem-
ber States. Member States are required to perform ex-ante evaluations of energy efficiency policies
that are implemented to achieve these savings. Ex-ante evaluations of energy efficiency policies
are difficult. They require detailed modelling of end-users’ investment and energy demand be-
havior. This paper demonstrates a comprehensive methodology for ex-ante evaluation of energy
efficiency policies directed at residential heating. Using the IntERACT model, the paper assesses
the potential for meeting Denmark’s EED target through a policy-induced increase in households’
investments in energy efficiency retrofits. IntERACT links the energy system model TIMES-DK
with a computable general equilibrium model of the Danish economy. The paper simulates the
effect of energy efficiency policies on households’ investment behavior by applying different levels
of hurdle rates to households’ investments in energy efficiency retrofits. The results show that a
reduction in the level of hurdle rate from 25 % to 4 % could deliver up to half of Denmark’s energy
saving target for the period 2021–2030. This result includes a direct rebound effect of 37 %. The
paper further quantifies spillovers in terms of adverse inter-temporal welfare effects.

Keywords: Energy Efficiency Directive, Rebound effect, Household behavior, Implicit discount
rate, Energy-economy model

1. Introduction

Article 7 of the EU’s Energy Efficiency Directive (EED), as adopted in December 2018, sets
a target for cumulative energy savings in EU Member States for the period 2021 to 2030. The
cumulative target corresponds to average annual savings equivalent to 0.8 % of the states’ average
final energy consumption in the period 2016–2018 (European Union, 2018). Energy savings must
further be additional to a business-as-usual (BAU) scenario, i.e. a baseline scenario without new
policy measures. For Denmark, the EED target corresponds to a cumulative reduction in final en-
ergy demand of 275 PJ over the period 2021–2030.1 Energy use for residential heating represents
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Email address: krisan@dtu.dk (Kristoffer Steen Andersen)

1Based on 626 PJ final energy demand in 2017 (Danish Energy Agency, 2018b).
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one quarter of current Danish final energy demand (Danish Energy Agency, 2018b), and residen-
tial heat savings will likely play a key role in meeting Denmark’s energy saving requirements. In
particular, several studies have documented a considerable saving potential within the existing res-
idential building stock (e.g., Kragh and Wittchen, 2010; Tommerup and Svendsen, 2006; Wittchen
and Kragh, 2014).

However, to perform ex-ante evaluations of residential energy efficiency polices in accordance
with Article 7 is difficult because it requires detailed modelling of households’ behavior both in
terms of energy efficiency investments and energy demand. Capturing households’ energy demand
behavior is particularly important when an energy efficiency policy yields cost savings relative
to the BAU scenario. In that case, ex-ante evaluations need to account for rebound effects be-
cause these can partially offset direct energy savings (Greening et al., 2000; Sorrell, 2009; Sorrell
et al., 2009). Within existing ex-ante evaluations of energy efficiency polices in accordance with
Article 7, considerable uncertainty exists as to what extent Member States account for rebound
effects (Rosenow et al., 2016). Capturing households’ investment behavior is a key prerequisite for
determining the level of energy savings, both within the BAU scenario and the policy scenario.
Households’ investment behavior with respect to energy efficiency improvements is influenced by
numerous factors, e.g. individual preferences, rationality constraints and external barriers to en-
ergy efficiency, which include lack of information and limited access to capital (e.g., Jaffe and
Stavins, 1994; Sorrell et al., 2004). Indeed, quantitative analyses have shown, that the discount
rate implicit in households’ investment decisions for efficiency improvements is often an order of
magnitude higher than the opportunity cost of capital or market interest rate (e.g., Burlinson et al.,
2018; Corum and O’Neal, 1982; Jaccard and Dennis, 2006; Train, 1985). Within energy-economy
models, high implicit discount rates are widely used as a proxy to simulate the (slow) adoption
of energy efficiency investments in the residential sector (Schleich et al., 2016). In the modelling
context, this behavioral parameter is referred to as ‘hurdle rate’, which we also use in the modelling
sections of this paper. Although widely used, the hurdle rate implicit in households’ investment
decisions and its underlying factors remain largely unclear (Schleich et al., 2016). Thus, there is a
need to better understand the role of hurdle rates in model-based policy evaluations in Denmark
and beyond.

In this paper, we use the Danish IntERACT model to analyze the potential for meeting Den-
mark’s EED target by reducing the high discount rate implicit in households’ investment decisions.
IntERACT is a hybrid model, which, by design, captures feedback effects between the Danish
energy system, modelled in TIMES-DK, and the wider Danish macro-economy, represented in a
computable general equilibrium (CGE) model. The comprehensive modelling framework allows us
to (i) capture how the amount of realized energy savings in the residential sector depends on the
level of hurdle rate applied to investments in heat saving measures, i.e. energy efficiency retrofits,
and (ii) simultaneously gain insight into the rebound effects and the overall impact on welfare when
reducing the hurdle rate. The aim of this paper is threefold: first, to define a reasonable range for
the level of hurdle rate applied to investments in residential heat saving measures in IntERACT;
second, to determine the potential for meeting Denmark’s EED target by reducing the hurdle rate
through policy intervention; third, to highlight the importance of the direct rebound effect and its
impact on realized energy savings from a hurdle rate reduction.

The paper is structured as follows. Section 2 reviews the literature with respect to discount
rates implicit in households’ investment decisions and presents the major rationale behind our
assessment. Section 3 introduces IntERACT, in particular the modelling of heating supply and de-
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mand for residential buildings. Section 4 explains the data on residential heat savings implemented
in this paper. Section 5 presents our results and discusses limitations, and Section 6 concludes.

2. Background and literature review

In this section, we first clarify what implicit discount rates represent. We further review the
literature with respect to empirical estimates of discount rates implicit in households’ investment
decisions for energy efficiency improvements and consider the impact of policy intervention on
households’ investment behavior. Finally, we explain and present the use of implicit discount
rates, i.e. hurdle rates, in different energy-economy models, and specify the level of hurdle rate
that we implement in IntERACT.

2.1. Implicit discount rates in households’ energy efficiency investment decisions

When making an energy efficiency investment decision, households face upfront costs paired
with future energy cost savings. Economic discounting theory suggests that households’ evaluation
of these costs and benefits involves applying discount rates, which put different weights on costs
and benefits dependent on if they occur upfront or in the future. However, with respect to energy
efficiency investments, it is well established in the literature that individual households do not
necessarily perform exhaustive net present value calculations, but that their evaluation of costs
and benefits is influenced by a mix of factors (Schleich et al., 2016; Stadelmann, 2017). Thus,
households may not directly apply discount rates in their decision-making process; yet, an implicit
discount rate can be derived from observed investment decisions. The discount rate implicit in a
household’s investment decision reflects all factors influencing and explaining the actual investment
behavior of the household within a cost-benefit framework. The rationale behind implicit discount
rates together with estimates of implicit discount rates for investments in heat saving measures
serve as the main backdrop for our impact assessment.

2.1.1. Empirical estimates of implicit discount rates

Empirical estimates of implicit discount rates in households’ investment decisions for energy
efficiency improvements are derived from consumers’ revealed or stated preferences for certain
investments combined with assumptions on the future costs and benefits. Since Hausman’s (1979)
seminal work on consumer choices for air conditioners, a number of studies have analyzed consumer
investment decisions and estimated implicit discount rates for various energy-related products
including appliances, refrigerators, lighting, automobiles, heating systems and building retrofits
(e.g., Burlinson et al., 2018; Dubin, 1982; Meier and Whittier, 1983; Min et al., 2014; Ruderman
et al., 1987; Train, 1985). Following our focus on households’ investment decisions for heat saving
measures, Table 1 lists implicit discount rate estimates in the literature, focusing on investments
that affect households’ energy demand for residential heating, i.e. energy efficiency retrofits and
heating system choice.

Table 1: Implicit discount rate estimates

Estimates Comments Investment type Reference

20.79 % Discount rate for an average
homeowner, based on data from
a Canadian survey

Energy efficiency
retrofits

Jaccard and
Dennis (2006)
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Continuation of Table 1

Estimates Comments Investment type Reference

10 % for gas-
heated,
14 % for oil-
heated, and
19–21 % for
electricity-heated
houses

Average discount rates across 10
US cities assuming no real en-
ergy price increases and upfront
costs are paid in cash. Consider-
ing increasing real energy prices
and mortgage financing increases
the average discount rates rang-
ing from 14–41 % for gas-heated
houses, 18–60 % for oil-heated
houses, and 21–90 % for electric-
ity heated houses

Energy efficiency
retrofits

Corum and
O’Neal (1982)

26 % for US sur-
vey, and
12 % for Pacific
Northwest survey

Average discount rates assuming
no real energy price increases and
15 years useful life. Estimated
range: 15–35 % for US survey
and 6–15 % for Pacific Northwest
survey

Energy efficiency
retrofits

Cole and
Fuller (1982)
(as cited in
Train, 1985)

32 % for thermal
shell, and
10 % for window
and door retrofits

Average discount rates assuming
no real energy price increases and
infinite life

Energy efficiency
retrofits

Little (1984)
(as cited in
Train, 1985)

36 % Discount rate when controlling
for consumer inattention and
heuristic decision-making

Connection to dis-
trict heating

Burlinson
et al. (2018)

9 % Based on a Canadian survey in-
troducing a stated choice experi-
ment

Heating system and
fuel choice

Jaccard and
Dennis (2006)

39–56 % for gas
central space
heater,
52–127 % for
oil central space
heater

Aggregate market discount rates
between 1972 and 1980 assuming
no real energy price increases and
using real-world data on useful
life

Heating system and
fuel choice

Ruderman
et al. (1987)

4.4 % and 21.4 %
for households
with and with-
out central air
conditioning
respectively

Average discount rates assuming
no real energy price increases and
infinite life

Heating system and
fuel choice

Goett (1984)
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Continuation of Table 1

Estimates Comments Investment type Reference

2.1–9.3 % Discount rates depending on the
model specification. Assuming
no real energy price increases and
using real-world data on useful
life

Heating system and
fuel choice

Dubin (1982)

7–31 % Depending on the fuel choice and
assuming no real energy price in-
creases and infinite useful life

Heating system and
fuel choice

Lin et al.
(1976)

36 % Average discount rate from the
preferred model, assuming no
real energy price increases and
infinite useful life

Heating system and
fuel choice

Goett (1978)
(as cited in
Train, 1985)

6.5–16% Depending on the model speci-
fication. Average discount rates
assuming no real energy price in-
creases and infinite useful life

Heating system and
fuel choice

McFadden
(1982)
(as cited in
Train, 1985)

25% Average discount rates assuming
no real energy price increases and
infinite useful life

Heating system and
fuel choice

Berkovec et al.
(1983)
(as cited in
Train, 1985)

As shown in Table 1, the literature finds estimates ranging from 2.1 % to 127 %. The differ-
ences in discount rates among and within studies largely depend on different assumptions with
respect to energy prices and the expected useful life of an investment (Train, 1985). The studies
should therefore be compared with caution. However, despite the large range, estimates of implicit
discount rates are generally high, and especially higher than the opportunity cost of capital or
market interest rate. In other words, households largely fail to adopt energy efficiency investments
that are cost-effective under market conditions because they behave as if applying high discount
rates. They behave as if applying high discount rates because estimating a high implicit discount
rate does not reveal the reasons for why consumers apply these discount rates in their investment
decision (Jaffe and Stavins, 1994). Indeed, the households’ decision-making process is complex and
influenced by a mix of factors.

2.1.2. Factors behind implicit discount rates

According to Schleich et al. (2016), “the factors behind the implicit discount rate (...) usu-
ally remain blurred and fractional.” The majority of literature focuses on market- and to some
degree behavioral failures as the main explanation for households’ high implicit discount rates,
specifically in the context of the energy efficiency gap discussion (Allcott and Greenstone, 2012;
Howarth, 2004; Jaffe and Stavins, 1994; Ruderman et al., 1987). Schleich et al. (2016) introduce a
more comprehensive framework and broaden the discussion on the factors behind households’ high
implicit discount rate and its implications for policy-making. They divide the underlying factors
into three categories: (i) preferences, (ii) bounded rationality, rational inattention and behavioral
biases, and (iii) external barriers. Preferences refer to individual time, risk, reference-dependent
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and pro-environmental preferences. Bounded rationality, limited attention, and behavioral biases
represent household behavior that deviates from rational choice theory, while external barriers to
energy efficiency include split incentives, lack of information, and capital and financial risks.2

(i) With respect to investment decisions for heat saving measures, households’ preferences
induce a high implicit discount rate when households are risk-averse. Because investments in heat
saving measures entail a certain risk with respect to future cost savings and technology performance,
risk aversion tends to reduce the probability that a household invests (Qiu et al., 2014), and increase
the discount rate implicit in households’ investment decisions. On a related note, households with
reference-dependent preferences may perceive the high upfront costs of heat saving measures as
a loss, meaning that loss-averse households are less likely to invest (drawing on Kahneman and
Tversky (1979)). Households’ environmental preferences, which may increase the probability that
households invest in heat saving measures, appear less relevant for investments with high upfront
costs (Ramos et al., 2016; Stern, 2000).

(ii) Bounded rationality and rational inattention may increase the implicit discount rate, even
if households are perfectly informed: first, if households lack the ability to compute, process, and
evaluate information (bounded rationality), or second, if processing information is associated with
high opportunity cost in terms of time and effort (rational inattention) (Burlinson et al., 2018;
Schleich et al., 2016). The effect of rational inattention may be lower for investments in heat
saving measures considering the high upfront costs (Palmer and Walls, 2015).

(iii) External barriers may affect the implicit discount rate through e.g. split incentives, imper-
fect information, transaction costs and lack of financial resources. Split incentives are particularly
relevant with respect to investments in heat saving measures within multi-family buildings, where
the allocation of costs and benefits between property owners and tenants is challenging (e.g.,
Ástmarsson et al., 2013). Furthermore, the relevance of split incentives is likely increasing the
higher the upfront investment. If households are imperfectly informed about saving potentials and
implementation options, they may underinvest in cost-effective energy efficiency improvements.
Evidence shows that better knowledge increases adoption (Scott, 1997). Transaction costs asso-
ciated with the acquisition, assessment and use of information increase the upfront costs of an
investment by a non-monetary component, and thus reduce the probability to invest (Howarth
and Andersson, 1993). Furthermore the disturbance of construction work in the home can be
considered a transaction cost representing a further investment barrier. Finally, households’ liq-
uidity constraints increase the discount rate implicit in their investment decisions and this barrier
likely increases in relevance the higher the upfront costs. The external barriers, by definition, keep
households from investing in heat saving measures and thus increase the discount rate implicit in
households’ investment decisions.

2.1.3. The role of policy intervention

Residential energy efficiency policies aim at increasing energy efficiency investments, thus, at
reducing the discount rate implicit in the investment decisions for energy efficiency improvements.
Therefore, the interaction between policies and households’ implicit discount rate needs to be taken
into account when using implicit discount rates to model actual household investment behavior.

2The framework closely relates to recent literature on barriers to energy efficiency that includes a more com-
prehensive view on the energy efficiency gap discussion (e.g., Gerarden et al., 2017; Gillingham and Palmer, 2014;
Stadelmann, 2017).
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In order to achieve a reduction in the discount rate implicit in households’ investment decisions,
policies need to address its underlying factors and impact them in a way that stimulates investments
in energy efficiency improvements. The external barriers to energy efficiency investments are a
major focus of policy interventions. Information provision through e.g. campaigns, certificates and
labels, or tailored audits, address imperfect information and directly enable households to make
more informed investment decisions. Several studies investigate the impact of information on energy
efficiency investment behavior and find mixed, however, largely positive effects (Abrahamse et al.,
2007; Barbetta et al., 2015; Ek and Söderholm, 2010; Newell et al., 1999; Newell and Siikamäki,
2014; Ramos et al., 2015). These findings confirm that improved access to information reduces
households’ implicit discount rate. The general impact of information provision on implicit discount
rates has been studied by Coller and Williams (1999). In a lab experiment, they find that implicit
discount rates for the group treated with information lie between 15 % and 17.5 %, while the
control group shows discount rates between 20 % and 25 %. Furthermore, financial incentives,
which help to overcome households’ financial constraints, have been found to increase investments
(e.g., Datta and Filippini, 2016; Datta and Gulati, 2014; Markandya et al., 2009). Both information
provision and financial incentives impact the underlying factors of high implicit discount rates.
While information provision may reduce households’ discount rate by improving the access to
information that stimulates investments in energy efficiency improvements, financial incentives,
e.g. in the form of subsidies, more directly overcome the hurdle to invest by reducing upfront cost
constraints, which otherwise would have induced high implicit discount rates.

To what extent policy intervention can change households’ preferences depends on the underly-
ing assumptions on consumer behavior. Neoclassical economic theory assumes that preferences are
stable over time and that behavior is influenced only by prices and income constraints. However,
research within behavioral economics and psychology (for an energy-related overview see Fred-
eriks et al., 2015) suggests that policy interventions can take into account households’ preferences
and behavioral biases and thereby establish conditions that favor the decision to invest in energy
efficiency improvements or nudge households towards certain behavior. If households are inatten-
tive to energy efficiency as an attribute or boundedly rational, for example, information provision
may reduce the behavioral bias and increase awareness (Newell and Siikamäki, 2014), or minimum
energy efficiency performance standards may enforce certain investment decisions by limiting the
availability of the most inefficient technologies (Gillingham and Palmer, 2014; Schleich et al., 2016).
Risk and loss aversion may be addressed by policies that reduce the risk and perceived losses e.g.
by providing financial support for high upfront costs.

Already today, EU Member States have implemented an energy efficiency policy mix, which
consists of e.g. regulatory measures, financial incentives and market-based instruments (Wiese
et al., 2018) and new policies will be designed and introduced in the future in order to meet the
EU’s energy saving requirements (European Union, 2018; Zygierewicz, 2016). If these policies
are designed effectively, i.e. they increase awareness or create investment conditions that help
to overcome households’ upfront barriers to invest in energy efficiency, they will increase energy
efficiency investments and reduce households’ implicit discount rate.3

3Which of the underlying factors should or should not be addressed through policy interventions from a neoclassical
welfare perspective is debated among economists, environmentalists and policy makers (e.g., Gillingham and Palmer,
2014). In this paper, we do not aim at contributing to this discussion, but focus on the overall potential for meeting
energy saving requirements by stimulating households’ investment behavior and reducing high implicit discount rates
through the implementation of energy efficiency policies.
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2.2. The use of hurdle rates in energy-economy models

The discussion on discount rates in energy-economy models involves two broad perspectives on
the modelling purpose. First, a model can be used to determine what energy investments would
have to be made in order to ensure the least costs to society, considering certain model restrictions,
e.g. on CO2-emissions. For this purpose, social discount rates should be used and a number of
modelling studies indeed apply social discount rates in their assessments (e.g., Schulz et al., 2008).
Second, a model can be used to simulate the actual investment behavior by adopting hurdle rates.

Table 2 gives a summary of hurdle rates applied to investment decisions in the residential sector,
referring to different models and studies. These hurdle rates range from 9 % to 30 %. The majority
of studies use a single hurdle rate for investments in residential heat saving measures, however,
the Canadian CIMS model differentiates between investments in home renovations (20.79 %) and
investments in home heating systems (9 %), estimated from a survey (Jaccard and Dennis, 2006).
Kannan (2009) conducts a sensitivity analysis and considers a change in the hurdle rate from 25 %
to 8.75 %, yet the choice of sensitivity is not explained in any detail.

Two studies implement a reduction in the hurdle rate as a proxy for reduced market barriers
and imperfections (European Commission, 2016; Mundaca). Mundaca applies a ’conservative’
hurdle rate of 30 % as the default discount rate, which he reduces to 10 % when running the
model for different energy saving targets. However, the study does not provide any sources for the
reduction in hurdle rate. The EU Reference Scenario 2016, modelled in PRIMES, assumes that
energy efficiency policies reduce the hurdle rate for renovations of houses and for heating equipment
in the residential sector (European Commission, 2016). These policies include labelling programs,
financial measures and the promotion of energy service companies. However, no source is provided
either for the default hurdle rate (14.75 %) or the reduced hurdle rate (12 %).

The literature reviewed in the previous sections indicates that there is no conclusive evidence
neither for the level of implicit discount rate, nor the effect of policies on its underlying factors.
The somewhat arbitrary use of hurdle rates in existing energy-economy models confirms this un-
certainty. The approach taken in our paper should therefore be seen as a first step towards better
understanding the role of hurdle rates within an energy-economy modelling context. For this pur-
pose, we consider a hurdle of 25 % as a reasonable upper bound for simulating households’ behavior
with respect to investments in energy efficiency retrofits in the absence of policy measures. We
further explain our approach and the use of hurdle rates in IntERACT in Section 3.1.1.
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Table 2: Use of implicit discount rates in energy-economy
models

Energy modelling tool Geographical
focus

Hurdle rate Reference

The energy system model
PRIMES simulates a market
equilibrium solution for energy
supply and demand within each
of the 27 EU member states
and seven other European coun-
tries. It determines an optimal
solution by finding the prices of
each energy fuel that match the
supply and demand of energy

EU 14.75 % applied to ren-
ovations of houses and
to heating equipment
in the residential sec-
tor; modified to 12 %
when including energy
efficiency policies

European
Commission
(2016)

MARKAL and TIMES are dy-
namic linear programming model
generators, which process data
sets that describe a given energy
system. MARKAL and TIMES
generate a partial economic equi-
librium model that relies on de-
tailed input to represent global,
national, or regional energy sys-
tems and their evolution

Croatia 15% for residential
space and water heat-
ing

Bozic (2007)

EU 30 % for energy effi-
ciency technologies ap-
plicable to the residen-
tial and commercial sec-
tors; reduced to 10 %
when including energy
efficiency policies

Mundaca

UK 25 % for residential en-
ergy saving measures
(8.75 % sensitivity)

Kannan (2009)

UK 25 % for residential en-
ergy saving measures

Kannan and
Strachan
(2009)

EU 17 % for the residential
sector

Simoes et al.
(2013)
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Continuation of Table 2

Energy modelling tool Geographical
focus

Hurdle rate Reference

NEMS is an integrated energy-
economy model that provides
projections of US domestic
energy-economy markets in the
long-term (2030). It is used by
the US Department of Energy
to produce their annual energy
outlook

US 20 % for the residential
sector

U.S. Energy
Information
Administra-
tion (2018)

CIMS is an integrated capital
vintage model that simulates the
evolution of energy-using capi-
tal stocks through retirements,
retrofits, and new purchases

Canada 20.79 % for the choice
of home renovations and
9 % for the choice of
home heating systems

Jaccard and
Dennis (2006)

3. Modelling heating supply and demand for residential buildings in IntERACT

IntERACT is a hybrid model built to assess Danish energy and climate mitigation policies.
The model is based on an automated iterative soft-linking routine between an energy system
model (TIMES-DK) and a computable general equilibrium (CGE) model.

This section presents methodological details with respect to: first, the supply of residential
heating, modelled in TIMES-DK; second, the implementation of hurdle rates in TIMES-DK and
its implications; third, the demand for residential heating, derived from the CGE model; fourth,
the soft-linking routine between TIMES-DK and the CGE model.

3.1. Residential heating supply in TIMES-DK

TIMES-DK is a multi-regional model, which covers the entire Danish energy system based on
the TIMES modelling framework (Loulou et al., 2016). Aside from residential heating supply, the
TIMES-DK model used in this paper also models residential appliances, energy service supply for
10 economic sectors, refinery, and district heating and electricity supply. TIMES-DK is solved as a
linear programming problem minimizing total discounted system costs under perfect foresight until
2030. See Balyk et al. (2019), for further documentation of TIMES-DK including its geographical
representation and time slice aggregation.

TIMES-DK models the cost of district heating (DH), individual heating options (HO) and heat
saving measures for residential buildings, where DH and HO compete with heat saving measures.
This segmentation allows the model to determine the trade-off between investing in DH, HO and
heat saving measures when satisfying residential heating demand. Figure 1 illustrates the supply
of residential heating in TIMES-DK. The rectangles in Figure 1 denote processes, the vertical lines
indicate commodities, while the arrows represent energy flows.

The whole Danish residential building stock is represented in TIMES-DK based on the Danish
Building and Housing Register (Danish Ministry of Housing, Urban and Rural Affairs, 2014). The
model aggregates the building stock according to construction period, building type, position rela-
tive to existing DH areas, and region. The construction period is divided into before and after 1972,
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Figure 1: Supply of residential heating in TIMES-DK

and new buildings. This division reflects the stricter requirements in terms of energy performance
for new constructions, introduced in 1972. New buildings (i.e. constructed in 2010 or after) comply
with the current Danish building code. The building type (single- and multi-family) determines
the type of heating supply technology that is available for a building. The location relative to
existing DH areas (central, decentral and individual) allows for a differentiation by cost, efficiency
and availability of DH. Central DH systems are located in larger cities, have higher installed ca-
pacities, more consumers and higher grid efficiency compared to decentral systems. Residential
buildings within or close to these areas include DH among their heating supply options. All the
remaining residential buildings belong to individual areas, i.e. without access to DH. Altogether,
we categorize the residential building stock into 36 groups in total.4 With respect to heat saving
measures, TIMES-DK includes cost curves for the 24 groups of existing buildings (constructed

4Table A.1 in Appendix A presents the categorization of the residential building stock in TIMES-DK.
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before or after 1972). Heat savings measures are not available for the 12 groups of new buildings.
In this paper, residential heating supply in TIMES-DK includes a number of constraints to

mitigate the winner-takes-all-property of linear programming models, i.e. that the cheapest tech-
nology captures the whole market. These constraints are used to ensure a more realistic adoption
and phase out of supply technologies for residential heating (i.e. boilers, heat pumps and DH heat
exchangers). First, a growth constraint on each fuel-specific supply technology limits the maximum
annual change in heating output delivered by said technology to each specific building category. For
example, the heating output from natural gas boilers may only decrease by 10 % on an annual basis
for individual single family houses. Second, we use share constraints, which set a minimum share
of total heating services delivered by each a fuel-specific supply technology to a specific building
category. The minimum share is reduced over time. Without these constraint, oil boilers would be
phased out immediately in TIMES-DK. However, by including the share constraints, final energy
demand for oil (used in residential oil boilers) is reduced from around 9 PJ in 2017 to 1 PJ in 2030.
The values that go into these growth and share constraints have been guided by historical trends
and expert judgment.

To fully isolate the effect of reducing the hurdle rate applied to investments in energy efficiency
retrofits, we use exogenous prices for electricity and district heating within TIMES-DK. These
prices are based on Danish Energy Agency (2018a). This choice in part reflects that preliminary
research has found that the level of investment in residential energy efficiency retrofits affects
the price of electricity and district heating within TIMES-DK. However, the possible interaction
between energy efficiency policy, and electricity and district heating capacity and production will
be subject of future research.

We calibrate the residential heating supply in TIMES-DK on energy statistics till the year
2017. For future modelling years (i.e. years after 2017), changes in the residential heated area
drive demand for heating services. The demand for m2 of heated area is based on the simulation
model SMILE (Hansen et al., 2013), which makes a long-term forecast of housing demand by type
of building, supply area and region.5 The calibration of residential heating supply feeds into the
iterative loop between heating supply and demand from TIMES-DK and the CGE model, which
we will explain further in Section 3.3.

3.1.1. Implementation of hurdle rates in TIMES-DK

We use the option to add hurdle rates, in the form of technology specific discount rates, to
the TIMES modelling framework (Loulou et al., 2016) in order to capture households’ investment
behavior. Based on Section 2, we consider a hurdle rate of 25 % as a reasonable upper bound
for capturing households’ behavior with respect to investments in energy efficiency retrofits in the
absence of policy measures. Thus, the 25 % hurdle rate defines our baseline scenario. We define a
social discount rate as the lower bound because public policy should provide society with a return
at least equal to the social discount rate. The Danish Ministry of Finance recommends a social
discount rate equal to 4 % (Danish Ministry of Finance, 2013).

To provide transparency on the role of the level of hurdle rate, we consider three additional
magnitudes, namely 10 %, 15 % and 20 %, and apply these to households’ investment decisions for

5SMILE does not consider the demand for new versus existing buildings. Instead, TIMES-DK determines the
construction rates for new buildings as the difference between housing demand (from SMILE) and the existing stock
remaining after demolition. Within TIMES-DK, we assume a demolition rate of 0.5 % annually for each of the 24
groups of existing houses.
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Table 3: Hurdle rate premium applied to residential energy efficiency retrofit investments

Hurdle rate 4% 10% 15% 20% 25%

Premium 0% 63% 119% 174% 226%
Economic life time = 25 years; general discount rate = 4 %

heat saving measures, specifically energy efficiency retrofits. Throughout the modelling sections,
we refer to these levels as hurdle rate scenarios.

With respect to space heating systems, we draw on the estimation by Jaccard and Dennis
(2006) and apply a hurdle rate of 9 %. Jaccard and Dennis (2006) argue that the lower estimated
discount rate for residential heating systems compared to energy efficiency retrofits reflects that
households face less barriers, e.g. less risk in terms of final energy savings, when investing in energy-
efficient heating systems. In the context of this paper, we add two further arguments for applying
a lower hurdle rate to households’ investment decision for heating systems. First, within a Danish
setting, part of the households’ investment decision is delegated to energy providers. They are
obliged by law to use a social discount rate of 4 % when determining whether or not to expand
or replace a collective heating network (i.e. natural gas or district heating). Second, within the
IntERACT model, we make use of a number of fuel-specific growth and share constraints to guide
the future choice of heating system technologies. These constraints likely capture some of the
behavioral barriers related to investments in residential heating systems (see Section 3). We keep
the hurdle rate for residential heating systems constant at 9 % in all scenarios, reflecting that
this paper focuses on policy interventions related to households’ investment decision for energy
efficiency retrofits.

Within the TIMES modelling framework, hurdle rates are implicitly introduced by adding
a premium to investments in specific technologies. The premium makes investments in these
technologies less attractive from a cost minimizing perspective. The premium is determined based
on the level of general discount rate, the economic lifetime of a technology and the level of hurdle
rate.6 In this paper, we assume an economic lifetime of 25 years for heat saving measures and a
general discount rate of 4 % for all investments in these measures. Table 3 shows the correspondence
between the level of hurdle rate and the investment premium for the hurdle rates considered within
this paper.

Applying a hurdle rate of 25 % adds a premium to the investment of 226 %. We assume that
the premium does not reflect an actual monetary flow. Thus, when reporting the level of retrofit
investment from TIMES-DK to the CGE model, we exclude the premium. In case the premium
reflects actual monetary flows or affects household welfare (e.g. if the premium reflects leisure time
spent on the investment decision), the approach taken in this paper will underestimate the impacts
on household income and utility within the CGE model.

3.2. Residential heating demand in the CGE model

The CGE model is a single country multi-sector model. In its present form, the model consists
of 18 economic sectors, a government and a single representative household. It is calibrated on
national account statistics, using 2015 as the benchmark year. The representative household earns
income from supplying factors of production (labor and capital) to firms. The utility function

6See Appendix B for the formula used to calculate the investment premium within TIMES.
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Figure 2: Nesting utility function of the representative household

14



of the household builds on the Danish macroeconomic model ADAM (Knudsen, 2012), however,
unlike ADAM it includes an explicit representation of the household’s demand decisions for energy
services related to heating, transport and appliances. Figure 2 illustrates the nesting structure
of the Stone Geary utility function that we use. The Stone Geary specification allows to specify
both commodity-specific substitution and income elasticities. The substitution elasticity captures
how a change in the relative price of a commodity affects demand compared to other commodities,
whereas the income elasticity captures how a change in the disposable income changes the demand
for a commodity. In the IntERACT model, the substitution elasticities determine the direct re-
bound effects, whereas the income elasticities determine the indirect rebound effects. Income and
substitution elasticities related to the demand for transport services, appliances, food, and other
goods and services are based on a separate study (Thomsen, 2019). Elasticities for housing are
taken from Knudsen (2012).

For use in this paper, we calibrate the income and substitution elasticity for heating demand
to reflect previous econometric studies. Over the past decades, Danish studies have estimated a
partial price elasticity of residential heating demand ranging from -0.25 to -0.5 (Thomsen, 2019). To
capture this range and the implied uncertainty concerning the direct rebound, we consider three
different levels for the substitution elasticity (central, low and high). The central substitution
elasticity is calibrated such that the CGE model replicates a partial price elasticity of -0.38. The
low (high) substitution elasticity is calibrated to replicate a partial price elasticity of -0.25 (-0.50).
We calibrate the income elasticity for heating demand based on the assumption that households will
consume the same level of heating service per m2 as income rises, if the price of residential heating
remains constant.This assumption is in line with the assumptions made in previous econometric
studies for Denmark (Thomsen, 2019). The number of m2 is exogenous in IntERACT (based
on projection from SMILE). This allows us to calibrate the income elasticity of heating demand
until the income effect alone (i.e. assuming a fixed price of heating service) leads to a growth in
residential heating demand equal to the growth in m2 from SMILE. This calibration results in an
income elasticity for heating demand of around 0.11. That is, a 1 % increase in disposable income
results in a modest 0.11 % increase in the demand for heating service.

3.3. Iterations between residential heating supply and demand

Figure 3 illustrates the automated iterative soft-linking routine used to balance heating service
supply and demand within IntERACT. We initialize the iterative routine by running TIMES-DK
(1* in Figure 3). The TIMES-DK solution dictates the future residential heating supply function
in the subsequent CGE model run; in terms of future fuel mix, energy efficiency improvements,
fuel tax rates, the price of electricity and district heating, and heating service investments within
the residential sector. The CGE model run results in an updated heating service demand, which
is fed back to TIMES-DK. After three iterations between TIMES-DK and the CGE model, we
observe full convergence in residential heating costs and demands between the two models, including
convergence in fuel tax revenues and investments.

Equation 1 expresses how the future heating supply function in the CGE model is adjusted
based on the TIMES-DK solution. Equation 1 (formally a Leontief zero profit condition) reflects
the complementarity condition that heating services will only be produced if the profit from this
activity is non-negative. In other words, heating services (CESyear) will only be supplied within
the CGE model, if the price of heating services (the right hand side of the equation) is equal to
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Figure 3: Iterations between heating supply and heating demand within the IntERACT model
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the cost of heating services (the left hand side of equation).7

We update the cost side of Equation 1 for future modelling years by accounting for the change
in conversion efficiency (first term on the left-hand-side) and by updating fixed fuel cost shares
(second term on the left-hand-side). The change in conversion efficiency is determined by dividing
the change in fuel use (measured in monetary terms) relative to 2015, the benchmark year in the
CGE model, with the change in heating service output relative to 2015. We update fuel cost
shares in the CGE model based on future fuel cost shares from TIMES-DK (measured in monetary
terms). To ensure consistency in the fuel cost shares between the two models, we further account
for changes in residential fuel tax rates and changes in the price of electricity and district heating.
Updating tax rates further ensures convergence in residential fuel tax revenues between TIMES-DK
and the CGE model.

In addition to updating the zero profit condition for residential heating supply in the CGE
model, we account for the impact of households’ investments in boiler technology and energy
efficiency retrofits. This is done by adjusting the disposable income of the representative household
in the CGE model using a lump-sum transfer that matches the investment demand from TIMES-
DK in future years. Within the CGE model, the lump-sum transfer is then used to buy the
commodity Housing to capture the monetary flow associated with these investments.

Equation 2 highlights how we update residential heating service demand within TIMES-DK
based on the CGE model solution. This is done by multiplying the aggregated housing demand
in 2015 with the heating demand index from the CGE model in order to get to a new level of
aggregated heating demand for future years in TIMES-DK. This aggregated heating demand is
subsequently split into 12 demand groups, to differentiate demand by building type, supply area
and region, using future shares from the exogenous SMILE projection (Hansen et al., 2013).

7See Andersen et al. (2019) for a complete discussion of the in IntERACT applied linking methodology using
mixed complementarity.
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Equations for soft-linking routine within IntERACT
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(2)

where we have used the following abbreviations

Indices
f Fuel
b Building type
s Supply area
r Region

Variables
pcesyear Heating price (CGE model)
cesyear Heating demand (CGE model)
pff,year Fuel price (harmonized across the CGE and TIMES-DK model)

Parameters
dTIMES-DK
b,s,r,year TIMES-DK heating demand by building type, supply area and region

xCGE
f,2015 CGE benchmark fuel input quantity (in monetary units, real 2015 prices)

xTIMES-DK
f,year TIMES-DK fuel input quantities (in monetary units, real 2015 prices)

taxf , year CGE fuel tax rate calculated based on tax revenues from TIMES-DK output
smileb,s,r SMILE projection of housing demand by building type, supply are and region
cesyear Heating demand index from last CGE model iteration (Index 2015 = 1)

4. Data on residential heat saving potential

The data on residential buildings used within TIMES-DK is based on a stationary heat loss
model (Petrović and Karlsson, 2014). The model calculates the existing demand for space heating
and domestic hot water, and the potentials and costs of heat saving measures for all existing
residential buildings in Denmark (Karlsson et al., 2016; Petrović and Karlsson, 2016). Heat saving
potentials and costs are calculated for several retrofit levels for the different components of a
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Table 4: Cost of energy efficiency retrofits for each type of building component (2015-Euro/m2 by building area)

Building component Heat saving measure Full cost Marginal cost

Wall Adding insulation 100 mm 295 121
Adding insulation 200 mm 289 215
Adding insulation 300 mm 483 309

Roof Adding insulation 100 mm 27 20
Adding insulation 200 mm 40 34
Adding insulation 300 mm 54 47

Floor Adding insulation 50 mm 47 47
Adding insulation 100 mm 47 47
Adding insulation 150 mm 47 47

Window Installing C windows 336 0
Installing B windows 352 16
Installing A windows 368 32
Installing A+ windows 384 48

Ventilation
Installing ventilation systems
with heat recovery

81 81

Source: Petrović and Karlsson (2014)

building envelope - floors, walls, roofs, windows and ventilation systems, see Table 4. The heat
saving potential for each retrofit level is calculated as a difference between heating demand before
and after a retrofit. The full and marginal costs of heat saving measures used in this paper are
based on Kragh and Wittchen (2010) and Wittchen and Kragh (2014).

Full costs reflect the cost of replacing a functioning building component with a new and more
energy-efficient version. For example, the full cost of a new window conforming with the legally
required minimum energy standard is 336 Euro/m2, while the full cost of a window fulfilling the
highest energy standard is 384 Euro/m2. Marginal costs capture the additional cost of energy
saving measures when replacing an end-of-life building component, i.e. excluding costs associated
with replacing the building component. Thus, the marginal cost of replacing a window with a
window meeting the legally required minimum energy standard is zero, as the replacement would
be realized in any case, whereas the marginal cost of a window meeting the highest energy standard
is 48 Euro/m2.

For use in this paper, both the marginal and full cost potentials have been aggregated into 100
steps for each of the 24 groups of existing buildings. Thus, in total we include 2400 steps of full
and marginal cost savings. Figure 4 illustrates these steps and shows the full and marginal cost
curves for residential heat saving measures. Appendix C gives a detailed presentation of how the
heat saving potentials are implemented in TIMES-DK by region, building type, building area and
building age. The total technical potential corresponds to 93.2 PJ.

We apply two types of constraints in TIMES-DK in order to first, capture the limited avail-
ability of energy efficiency retrofit investments at marginal cost, and second, ensure a realistic
adoption of energy efficiency retrofits towards 2030. First, within any given year, the marginal cost
potential is determined by the age distribution of building components, i.e. the share of end-of-life
building components. We assume that 5 % of the technical potential for each of the 2400 cost
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Figure 4: Full and marginal cost curves for residential energy efficiency retrofits

steps is available at marginal cost in 2020. This share increases linearly to 40 % in 2030. This
increase corresponds to the assumption that about 3 % of the technical potential becomes available
at marginal cost every year. Second, to ensure a realistic adoption of energy efficiency retrofits in
the short-term, we introduce a constraint that limits the sum of realized marginal and full cost
potentials to 30 % of the total technical potential for each of the 2400 cost steps in 2020. This
constraint increases linearly to 100 % in 2030, reflecting that marginal and full cost investments
are mutually exclusive within each of the 2400 steps. We consider these assumptions as a reason-
able initial attempt at capturing the technical barriers associated with energy efficiency retrofit
investments. However, due to their significance further work should be dedicated to verifying and
improving the assumptions.

5. Results and discussion

This section determines the potential for meeting Denmark’s EED target by stimulating house-
holds’ investments in building energy efficiency retrofits through policy intervention. We apply
different levels of hurdle rate, which serve as a proxy for the effectiveness of energy efficiency
policies to stimulate investments. Drawing on Section 2, we consider a hurdle rate of 25 % to
reflect the complete absence of energy efficiency policies, whereas a hurdle rate of 4 % reflects a
very effective mix of policies. The section highlights how the level of hurdle rate impacts final
energy demand and realized energy savings. Furthermore, it discusses how behavioral assumptions
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related to residential heating demand influence the rebound effect associated with a reduction in
the applied hurdle rate. The section concludes by examining the economic impact of each hurdle
rate scenario in terms of costs related to residential heating demand (investments and fuel costs)
and household disposable income. While presenting our modelling results, we also discuss policy
implications and model limitations.

5.1. Reduction in final energy demand
Table 5 presents final energy demand in the baseline scenario (hurdle rate 25 %), and the

reduction in final energy demand for each hurdle rate scenario. The baseline scenario shows a
reduction in final energy demand from 163 PJ to 150 PJ over the period 2017–2030. This trend is
driven by the combined effect of new boiler technology, technology switching (in particular towards
heat pumps), energy efficiency retrofits for existing buildings, and newly constructed, more energy-
efficient buildings. All hurdle rate scenarios lead to a further reduction in final energy demand
relative to the baseline scenario. Reducing the hurdle rate from 25 % to 4 % yields a reduction
in final energy demand by 16.1 PJ in 2030. Table 5 furthermore highlights the cumulative energy
savings over the period 2021–2030, which have been calculated by interpolating changes in energy
demand over the years 2020, 2025 and 2030. The results suggest that reducing the 25 % baseline
hurdle rate could lead to cumulative savings between 11 PJ and 146 PJ over the period 2021–2030.
Thus, a policy mix, which effectively reduces the baseline hurdle rate to 4 %, could potentially
deliver half of Denmark’s cumulative energy saving requirement of the EED (see Section 1). This
substantial contribution to cumulative energy savings reflects that the 4 % hurdle rate scenario
leads to front loading of final energy savings; i.e. in the 4 % hurdle rate scenario final energy
demand reduces by 11.5 PJ relative to the baseline already in 2020. These initial energy savings
count towards the cumulative saving target each year through the entire period 2021–2030.

From a policy perspective, it is further interesting to note that the absolute level of savings is
relatively insensitive with respect to a reduction in the hurdle rate from 25 % to 15 %, as final
energy demand is reduced by on average no more than 2.7 PJ in 2030. Thus, if the policy goal is to
achieve substantial energy savings, this result stresses the importance of applying policy measures
that have the potential to reduce the hurdle rate to well below 15 %. Drawing on the discussion in
Section 2, such a substantial reduction in the level of hurdle requires policies that address multiple
of the factors behind households’ high implicit discount rates; suggesting, the need for a broad mix
of energy efficiency policies.

5.2. Realized full and marginal cost energy savings
Existing studies on residential heat savings in Denmark tend to focus on the marginal cost

potentials for energy savings in the residential building stock (e.g., Kragh and Wittchen, 2010;
Tommerup and Svendsen, 2006; Wittchen and Kragh, 2014). From a policy perspective, however,
it is important to take into account that the availability of marginal cost potentials may be limited
– at least in the short run. Ambitious energy efficiency policies may therefore also have to rely on
full cost potentials. This section covers this policy aspect.

Figure 5 illustrates the level of realized full and marginal cost savings for each hurdle rate
scenario over the period 2020–2030. At a hurdle rate of 25 %, 4.2 PJ of energy savings are realized
in 2030; i.e. less than 5 % of the total technical saving potential (93.2 PJ). At a hurdle rate of 4 %,
realized energy savings increase to 29 PJ in 2030. However, this magnitude of energy savings still
corresponds to less than a third of the total technical potential.8

8Appendix C contains more details regarding the distribution of energy savings for the 24 groups of existing
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Table 5: Final energy demand and cumulative savings under different hurdle rate scenarios (PJ)

Baseline final energy demand
Change in final energy demand

relative to baseline

Hurdle rate 25% 20% 15% 10% 4%

2017 162.5 0.0 0.0 0.0 0.0

2020 159.9 0.0 -0.7 -4.8 -11.5

2025 155.2 -1.1 -2.0 -6.1 -14.9

2030 150.3 -1.7 -2.7 -6.9 -16.1

Cumulative savings 2021-2030 -11 -19 -61 -146

Contribution to Danish EED target 4 % 7 % 22 % 53 %

Furthermore, Figure 5 highlights how the energy savings delivered by marginal and full cost
savings depend on the level of hurdle rate. When applying a hurdle rate of 25 % or 20 %, only
marginal cost savings are realized. This finding reflects that within these scenarios, the hurdle
rate is prohibitive for investing in full cost heat saving measures. To achieve substantial energy
savings and comply with the EU’s energy and climate targets, most EU Member States, including
Denmark, need to increase the scale and depth of energy efficiency retrofits (State of Green, 2018).
Within the present modelling context, increasing the depth of retrofits corresponds to a higher
share of realized full cost potential. In order to realize a higher share of full cost potential the
hurdle rate needs to be reduced to 10 % or even 4 %. This level of reduction requires a broad mix
of energy efficiency policies, as also mentioned in the previous section. To reduce the barrier of
high upfront costs associated with deep retrofits, particularly investment subsidies may be needed
in order to overcome the financial hurdle to invest.

5.3. The direct rebound effect

Rosenow et al. (2016) highlight the uncertainty regarding how EU Member States account
for rebound effects within their ex-ante evaluations of the EED. To underscore the importance of
demand behaviour for ex-ante evaluations, this section discusses the scale of the direct rebound
within IntERACT for residential heating demand.

Considering four levels of substitution elasticity related to residential heating demand, Table 6
shows how the choice of substitution elasticity impacts final energy demand in 2030 both within the
25 % and the 4 % hurdle rate scenario. Table 6 includes the three substitution elasticities discussed
in Section 3.2 (lower, central and upper estimate) where each estimate reflects a certain implicit
heating price elasticity. We further consider a substitution elasticity of zero to capture final energy
demand in the absence of a direct rebound effect. This allows us to define the direct rebound effect
as the percentage reduction in the realized savings in 2030 relative to the specification with a zero
substitution elasticity.

Depending on the choice of substitution elasticity, the baseline final energy demand varies
between 146.5–152.7 PJ in 2030. A higher elasticity of substitution leads to a higher level of final
energy demand in the baseline scenario, reflecting that the average price of heating services is falling

buildings
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Figure 5: Realized full and marginal cost energy savings in 2020, 2025 and 2030

towards 2030. This falling price trend is driven by four main factors (i) energy efficiency retrofits
investments, (ii) more efficient boiler technologies and fuel switching, (iii) newly constructed and
energy-efficient buildings, and (iv) the combined effect of a renewable subsidy and tax reforms,
which reduces the tax on electricity for residential heating. Within the 4 % hurdle rate scenario,
the additional investments in energy efficiency retrofits reduce the average price of heating services
by further 20 % relative to the 25 % hurdle rate scenario. As a consequence, we see a large effect
of the choice of substitution elasticity on the level of final energy demand, which varies between
121.2–142.5 PJ.

The choice of substitution elasticity also greatly affects the reduction in final energy demand
from a policy-induced reduction in the hurdle rate. Assuming a zero substitution elasticity for
residential energy demand, as it is done in many energy-economy models, we see a reduction in
final energy demand equal to 25.5 PJ in 2030. When assuming an upper estimate of substitution
elasticity, the final energy demand is only reduced by 10.1 PJ. This result underscores the necessity
to take into account demand behavior when implementing ex-ante evaluations of energy efficiency
policies.

Table 6 shows the uncertainty range regarding the direct rebound effect, which varies between
20–60 %. The central estimate of substitution elasticity used in this paper results in a direct
rebound effect of 37 %. This scale of the direct rebound effect lies within the range found in
recent studies. Aydin et al. (2017) estimate a 27 % direct rebound for the residential sector, using
a sample of 563,000 households in the Netherlands. A recent Danish study, using an approach
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comparable to Aydin et al. (2017), found that the direct rebound effect for Danish single family
houses lies within the range of 30–40 % (Danish Energy Agency, 2016).

The scale of the direct rebound suggests that to realize the full energy saving potential from
reducing the hurdle rate, policy makers need to consider measures to either reduce or circumvent
the rebound effect. Within a standard neoclassical framework this could be achieved by raising
the cost of energy, e.g. imposing additional taxes on heating demand and fuel consumption. From
a behavioral economics perspective, moralization may convince households that their contribution
to energy savings is socially beneficial and thereby reduce the rebound effect (Oikonomou et al.,
2009).

Table 6: The impact of the heating service substitution elasticity on the rebound effect in 2030

Substitution
elasticity

Implicit heating
price elasticity

Final energy demand 2030 (PJ) Change in final energy
demand 2030 (PJ)

Direct
reboundHurdleRate 25% HurdleRate 4%

Zero 0 146.5 121.0 -25.5 0 %

Lower estimate -0.25 148.6 128.2 -20.5 20 %

Central estimate -0.38 150.3 134.2 -16.1 37 %

Upper estimate -0.50 152.5 142.5 -10.1 60 %

5.4. The impact on households

This section describes the impact of a reduction in the level of hurdle rate on residential heating
costs and household disposable income. A key benefit of using the IntERACT model for policy
evaluations is that the model allows for a comprehensive assessment of household welfare. This
assessment is possible because IntERACT keeps track of both changes in investments and prices
within the energy system, and how these changes affect the overall consumption choice and utility
of the representative household. A partial bottom-up approach (e.g. applying the TIMES-DK
model without linking it to a CGE model) would limit the scope for capturing the policy impact
on household welfare as this would ignore the general equilibrium feedback (e.g. rebound effects).

Figure 6 shows the composition of annual residential heating costs within the baseline and
hurdle rate scenarios. Annual heating-related expenses vary between 4.1–4.6 billion 2015-Euro over
the period 2020–2030. 74–85 % of these expenses account for fuel costs, whereas the remaining
expenses account for investments in residential heating systems and energy efficiency retrofits.
Reducing the hurdle rate increases total heating costs in 2020. This cost increase is primarily
driven by the additional investments in building retrofits. In 2025 and 2030 total residential
heating costs remain approximately constant, as the expenses for investments in building retrofits
and the direct rebound effect cancel out the fuel cost savings from the additional investments in
building retrofits. At a hurdle rate of 25 %, investments in energy efficiency retrofits are limited to
0.02–0.05 billion Euro per year. Retrofit investments increase to 0.1–0.3 billion Euro as the hurdle
rate reduces to 10 %. A further reduction from 10 % to 4 % leads to a more than 3-fold increase in
retrofit investments. The substantial level of investments in the 4 % hurdle rate scenario gives rise
to at least two policy considerations: First, the magnitude of the annual investments in 2020 under
the 4 % hurdle rate scenario suggests that energy efficiency policies needs to be coordinated with
the overall macroeconomic situation. That is, if the economy is at full employment, investments
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Figure 6: Composition of residential heating costs for the baseline and hurdle rate scenarios on an annual basis

of this magnitude could increase the risk for the economy to overheat. On the other side, if
the economy suffers from recession, implementing energy efficiency policies could be a means to
stimulate economic activity. The second key policy consideration relates to the questions whether
the front loading of retrofit investments in the 4 % hurdle rate scenario is desirable from a policy
perspective or whether a more gradual policy approach, which relies to a larger extent on marginal
cost savings, would be more cost-efficient. Although this question is beyond the scope of this paper,
the IntERACT model provides an ideal framework for providing insights on the impact of different
energy efficiency policy pathways.

We report welfare effects from changing the hurdle rate in terms of Hicksian equivalent variation
(HEV) in income, which can crudely be perceived as a measure of the change in real disposable
income experienced by the representative household. Figure 7 highlights how reducing the hurdle
rate from 25 % affects the disposable income of the representative household. Reducing the hurdle
rate from 25 % to 20 %, we observe a positive effect on household income across all periods.
Reducing the hurdle rate from 25 % to 15 % and lower, we see a clear trade-off in terms of higher
upfront costs versus future benefits. A reduction in the hurdle rate from 25 % to 4 % reduces
disposable household income by approximately 0.37 billion Euro in 2020, while the reduction
increases income by more than 0.43 billion Euro in 2030. This result suggests that additional
investments associated with a reduction in the hurdle rate from 25 % to 4 % have a simple payback
time of less than 10 years (seen from the representative household).
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Figure 7: Effect on disposable income relative to the baseline scenario

5.5. Critical discussion

This welfare effect can by itself be used to argue for the benefits of energy efficiency policies;
however, it is important to stress a number of limitations of this paper. Attention is firstly drawn
to two limitations of the general approach itself before additional weaknesses of the model instance
as employed in this paper are addressed.

Firstly, the employed hybrid modelling approach focuses on new technology as a means to
achieve energy and emissions savings. In particular, investment decisions for more efficient heat
supply and heat saving measures are considered. But this overlooks the ‘low hanging fruit’ of
behavioural change, which for example through lower internal temperatures, adjusted heating
periods and shorter/cooler showers are relatively low cost options towards the same end. Indeed,
such behavioural measures tend to be more economically attractive than investing measures, exactly
because they have low or zero direct costs. The high indirect cost of these lifestyle changes is often
cited as the main reason for not realizing this potential, as explained by barriers, failures and
the rebound effect. The behavioural dimension of energy demand can be more significant in its
ability to explain the variance in demand across households than technical characteristics (Huebner
et al., 2015; Kelly et al., 2013), e.g. of the building and/or heating system. But it is extremely
difficult to quantify and therefore model, which is why it is not considered here. We assume
that, by employing average internal set temperatures and heating technologies, the representative
household is accounted for. On the other hand, the IntERACT framework does not capture some
of the multiple benefits of energy efficiency (IEA, 2014), which in the context of residential heating
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may be realized e.g. through improvements in indoor climate and comfort, and the potential for
low-temperature district heating when considering heating system benefits. Hence, in some cases
the behavioural effect would negate some of the implied savings obtained in the results, in others
the savings would be increased, but these deviations are assumed to cancel each other out.

Secondly, and relating to the previous point, the consideration of only a representative house-
hold can be seen as a weakness of this approach. This is done in order to simplify the two employed
models and keep them computationally tractable. But this obviously overlooks socioeconomic
heterogeneity between households, which has implications for investment behaviour and policy
measures to address this. For example, tenure, employment status, income, age and households
structure are all known to influence energy demand (Jones et al., 2015) as well as the disposition
towards energy efficiency investments. In addition, not only the overall energy demand but also
its timing in terms of profiles varies between households (McKenna et al., 2016). Both of these
aspects mean that the representative household considered here should only be interpreted as an
average. In reality, the baseline energy demand, its timing, and the investment behaviour will all
differ greatly between households. Again, the implication is that the results will deviate in indi-
vidual cases. The IntERACT framework therefore does not capture the distributional impacts of
energy efficiency policies. Capturing the distributional impacts of policies may, however, be of key
importance to policy makers and should therefore be the focus of future modelling development.

A third limitation relates to this paper itself and the narrow focus on residential heating. The
required changes in the hurdle rates in order to achieve substantial efficiency savings are high,
i.e. reducing from 25 % to 10 % or even 4 %. Considering the high implied costs associated
with implementing policies to achieve this change, a question about the effectiveness of targeting
energy efficiency improvement measures specifically in the residential heating sector arises. Given
that the EED requires cumulative reductions in energy demand for the whole economy, it might
be more economically efficient to target energy efficiency policies in other sectors. However, as
IntERACT aims at modelling the whole energy system and already includes a rich representation
of potential energy saving measures in industry sectors, it is ideally suited for this type of cross
sector comparison related to energy efficiency policy. In fact, the savings seen in 2030 in the
industrial sector with an assumed hurdle rate of 20 % are of around 6 PJ, that is, the same order
of magnitude as the realized marginal cost savings in households (see Figure 5). Hence, for the
Danish energy system at least and based on the assumptions made for this paper, the relative cost
of energy savings in residential heating and industry are broadly comparable.

All of these previous points lie at the root of the one further limitation, which is that this
paper does not identify or assess specific energy efficiency policies. Instead, we consider the level
of hurdle rates as a proxy for the effectiveness of energy efficiency policies within the existing
residential building stock. The key assumptions that (i) the hurdle rate only reflects non-monetary
costs and (ii) that energy efficiency policies are capable of removing these costs likely leads to
an underestimation of the cost to households from a policy-induced reduction in the hurdle rate;
as already stated in Section 3.1.1. However, at the same time, IntERACT likely overestimates
the welfare impacts on households within any given period because the representative household
cannot smooth its consumption across periods. Future model developments could address this issue,
for example by modelling the representative household using an intertemporal budget constraint
following a Ramsey model framework (e.g., Barro and Sala-i Martin, 1995). Future research will
focus on assessing the impact of specific policy measures, e.g. subsidies, fuel taxes, regulation,
and information provision. A particular focus of this research should be on assessing potential
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interactions between combinations of energy efficiency policies, i.e. the extent to which the different
instruments counteract or support one another (Wiese et al., 2018). The comprehensiveness of
the IntERACT model could provide novel insights, as it captures important effects of energy
policies, e.g. in terms of government revenue, competitiveness of businesses and disposable income
of households.

6. Conclusion and policy implications

This paper analyzes the potential for meeting Denmark’s EED target by reducing the high
discount rate implicit in households’ investment decisions. Based on a literature review, we deter-
mine that a hurdle rate of 25 % is a reasonable upper bound for capturing the investment decision
of Danish households in the absence of energy efficiency policies. We consider the Danish social
discount rate at 4 % as a reasonable lower bound, taking the perspective of policy makers.

Using the IntERACT model, the paper concludes that a policy-induced hurdle rate reduction
from 25 % to 4 % could deliver half of Denmark’s cumulative energy saving requirement of the
EED for the period 2021–2030. This level of cumulative reduction includes a 37 % direct rebound
effect. Although the rebound effect represents a welfare improvement as seen from a household’s
perspective, policy makers could consider additional instruments, e.g. fuel taxes, to reduce the
demand rebound and increase the size of realized savings. Reducing the hurdle rate from 25 %
to 4 % leads to a substantial shift in disposable income across periods. This result is driven by
the front loading of investments in energy efficiency retrofits in the 4 % hurdle rate scenario. In
particular, moving retrofit investments ahead in time increases costs in the early period due to an
increased reliance on full cost saving measures.

From a policy perspective, it is important to note that the largest energy saving potential is
realized when the hurdle rate reduces to well below 15 %. Such a substantial reduction in the
level of hurdle rate requires policies that address multiple of the factors behind households’ high
implicit discount rates, which implies the need for a broad mix of energy efficiency policies. For
example, in a lab experiment, informational policy measures reduce the hurdle rate by 5–10 %
(Coller and Williams, 1999). In reality, however, the impact of informational policy measures may
be even smaller due to the difficulty of getting the information to the target group (e.g. a certain
type of home owners). A policy mix could therefore include information provision to increase
overall awareness and thereby stimulate energy efficiency investments, combined with a subsidy
for investments in energy efficiency retrofits to overcome liquidity constraints and address risk
averse households. Policy measures will almost certainly have to differ by types of dwellings and
households, and it would seem appropriate, based on the way in which this paper demonstrates
marginal and full cost savings being realized in that order, to develop targeted policy for these
separately. So, for example, the relatively high proportion of multi-family, social (21 %) and
community (7 %) housing in Denmark (Kristensen, 2007) with a higher access to capital and
ease of implementation of measures should perhaps be incentivized to implement more marginal
measures, whilst addressing regulatory constraints for social housing could also increase the the
scope for energy efficiency improvements. On the other hand, other types, such as owner-occupied
detached housing, will require a different approach: in the case that these buildings actually have a
lower renovation rate, they might be encouraged to implement full cost savings by an appropriate
subsidy or tax. Overall, further research is needed, particular when it comes to how these different
policies should affect the choice of hurdle rate in energy-economic models.
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Despite the holistic nature of the modelling framework presented and applied in this paper,
several limitations were identified and should be the focus of future work. For example, a finer
differentiation between types of households and buildings would enable more specific policy in-
sights, e.g. in terms of the distributional impact of energy efficiency policy. Another point concerns
the modelling of different energy efficiency policy mixes and their interactions with other policies
for carbon abatement and/or renewable energy development. The IntERACT model and its com-
prehensiveness make it particularly suitable for capturing both the impact of individual energy
efficiency policies and the interaction effects among different policy combinations.
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Ástmarsson, B., Jensen, P.A., Maslesa, E., 2013. Sustainable renovation of residential buildings and the land-

lord/tenant dilemma. Energy Policy 63, 355–362.
Aydin, E., Kok, N., Brounen, D., 2017. Energy efficiency and household behavior: the rebound effect in the residential

sector. The RAND Journal of Economics 48, 749–782.
Balyk, O., Andersen, K.S., Dockweiler, S., Gargiulo, M., Karlsson, K., Næraa, R., Petrović, S., Tattini, J., Termansen,
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Appendix A. The residential building stock in TIMES-DK

Table A.1: Residential building stock in TIMES-DK

Classification Categories

Building type Single-family
Multi-family

Construction period Before 1972
After 1972
New buildings

Type of supply area Central district heating
Decentral district heating
Individual

Region East Denmark
West Denmark
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Appendix B. Calculation of the investment premium in TIMES-DK

This appendix highlights how hurdle rates (technology specific discount rates) are modelled
within the TIMES modelling framework. In case the technology specific discount rate is equal
to the general discount rate used in TIMES, the stream of annual payments over the economic
lifetime of the technology is equivalent to the initial lump sum investment, as both have the same
discounted present value. If, however, the technologys discount rate is chosen different from the
general discount rate, the stream of annual payments has a different present value than the lump
sum investment. The TIMES modelling framework accounts for this difference by multiplying the
investment with a correction factor presented in the following equation (from Loulou et al., 2016,
p. 166).

1 + P =
CRFs

CRF
=

(
1 − 1

1+is

)(
1 − 1

(1+i)Elife

)

(
1 − 1

1+i

)(
1 − 1

(1+is)Elife

) , (B.1)

where we have used the following abbreviations.

CRFs Capital recovery factor for the technology specific discount rate
CRF Capital recovery factor for the general discount rate
P Technology specific investment premium
is Technology specific discount rate
i General discount rate

Elife Economic life of the investment

The capital recovery factor is the ratio of a constant annuity to the present value of receiving
that annuity for a given length of time. Equation B.1 captures the difference in capital recovery
factor between the technology specific discount rate and the general discount rate, i.e. (in essence)
the difference in net present value between applying the general discount rate and the technology
specific discount rate to a future payment stream. Hence, applying a technology specific hurdle rate
within the TIMES modelling framework corresponds to adding a premium on top of the lump-sum
investment of a technology before the investment is annualized using the general discount rate.
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Appendix C. Details regarding the distribution of energy savings

Figure C.1: Full and marginal cost curves for residential energy efficiency retrofit measures by 24 groups of existing
buildings

Detailed description of residential energy saving potential

Figure C.1 illustrates 24 marginal and full cost curves and the associated technical potential.
Single family houses, see first and second row, show the largest energy saving potential (73.3 PJ).
For houses built before 1972 the energy saving costs (both full and marginal) are significantly lower
compared to houses built after 1972 (first and third row). Thus, older houses have both the largest
saving potential and the lowest (marginal and full) costs.

Realized residential energy savings

Figure C.2 shows how the level of hurdle rate affects the share of the technical potential realized
for each of the 24 groups of existing buildings in 2030. Generally, the saving potential for single-
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Figure C.2: Realized energy savings as a share of technical potential by 24 groups of existing buildings
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and multi-family houses built before 1972 are realized to the highest degree, reflecting that the
cost of energy saving measures for these buildings are relatively low, see Figure C.1.
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Abstract

It is widely accepted that improving energy efficiency within industry will play a pivotal
role in mitigating greenhouse gas emissions by reducing the use of fossil fuels. Neverthe-
less, ex ante evaluation of energy efficiency policy remain largely an unresolved challenge.
Understood within an economic theoretical framework, the root of the challenge is the si-
multaneity and interaction between three fundamental effects: an activity, a price and a
technical effect. Considering a specific energy efficiency policy, this paper demonstrates how
the IntERACT model, a Danish hybrid model, captures each effect and their interactions
endogenously. The paper finds that the policy leads to an additional reduction in industrial
energy use of around 5% in year 2030, of which a policy-induced reduction in the energy
efficiency gap accounts for half. The results reflect a total rebound effect of 12.5% and an
implied elasticity of energy service demand of around 15% across industrial sectors.

Keywords: Energy systems analysis, sectoral energy efficiency modelling, energy efficiency
policies, energy savings

1. Introduction

The International Energy Agency’s Energy Technology Perspectives proclaims that en-
ergy efficiency will need to deliver 55 pct. of cumulative global industrial CO2–emission
reductions between now and 2060 to ensure that the global temperature increase remains
below 2 degrees above pre-industrial levels (IEA, 2017). Despite such claims, evaluating
the future role of energy efficiency is a considerable challenge. The extent of the challenge
is reflected in the vast literature that discusses issues such as the additionality of energy
efficiency polices, the energy efficiency gap and the rebound effects associated with energy
efficiency policies. For example, when assessing the additionality of an energy efficiency
policy, determining the energy efficiency baseline becomes a critical challenge (Vine, 2008).
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Identifying and removing the energy efficiency gap, i.e. the existence of significant unex-
ploited and cost-effective opportunities for energy efficiency investment (Koopmans and Te
Velde, 2001), demands careful consideration when it comes to the types of barrier respon-
sible for the gap and the type of policies that could reduce the gap. Finally, assessing the
rebound effect of energy efficiency policies is of great importance when evaluating the effec-
tiveness of such policies (Barker et al., 2007b; Sorrell, 2009). Our specific research objective
is to show how these challenges can be addressed systematically when conducting ex ante
evaluations of energy efficiency policies, using a comprehensive hybrid modelling framework.
The importance of being able to address this issue is underscored by the desire to assess
how energy efficiency policies can contribute to reducing the use of fossil fuels.

The paper is structured as follows. Section 2 develops a micro-economic analytical frame-
work for understanding the industry’s energy service demand decision. Section 3 reviews
the literature on ex ante modelling of energy efficiency and assesses the extent to which the
literature captures the different components of the energy service demand decision. Section
4 describes the Danish IntERACT model, which is the comprehensive hybrid model used in
this paper. Section 5 presents and discusses results related to both a baseline and an energy
efficiency policy scenario, demonstrating how IntERACT solves the three key challenges of
energy efficiency modelling. Section 6 concludes.

2. Analytical background

Energy is a derived demand since it is not required for its own sake, but for the energy
services it provides to households and businesses (Hunt and Ryan, 2015). Following Fil-
ippini and Hunt (2015), we treat energy services as the combination of energy and other
inputs (mainly capital, e.g. boiler technology and insulation) that produces a desired service
(e.g. a comfortable room temperature). The economic theory of cost and production pro-
vides a framework for understanding firms’ energy service demand decision (Berndt (1990);
Huntington (1994)). Figure 1a-c illustrates the application of this framework to the energy
service demand decision within a sector, i.e. the situation in which a sector uses capital
(K) and energy (E) to derive an energy service. The energy service production technology
and relative input prices are represented using isoquant curves (IQ) and isocost lines (IC),
respectively. We note that energy services serve as a further input to an overall production
function (not shown in Figure 1), which also includes labor, materials and non-energy-service
related capital.

Understanding future energy use (and energy efficiency) requires the further decompo-
sition of the energy service demand decision. Inspired by the econometric literature on
production cost variation, e.g. Grifell-Tatjé and Lovell (2000), we decompose changes in
energy service demand between period t and period t+1 into the following three distinct
effects: i) an activity effect, ii) a price effect, and; iii) a technical effect. Figure 1a-c presents
the period t isoquant curve (IQ0=100) and isocost lines (IC0) in blue. It is assumed that
energy services are produced in a cost efficient manner, conditioned on the existing pro-
duction technology (isoquant curve) and the perceived input costs (isocost line). In period
t, this cost-minimizing input combination is illustrated by point x0, where the isocost line
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Figure 1: Isoquant representation of the energy service demand decision
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(IC0) is tangent to the isoquant (IQ=100). We do not rule out the existence of inefficiencies
in energy service production arising from, e.g. an energy efficiency gap or the distortionary
effect of energy taxes. However, for now we consider these inefficiencies to be embedded in
the isoquant curves and isocost lines.

The activity effect (Figure 1a) captures the isolated effect of an increase in the energy ser-
vice demand at the sectoral level, while keeping the relative price and production technology
fixed. The activity effect may arise from overall economic growth or structural adjustments
leading to a change in the activity of the particular sector. Assuming constant returns to
scale in energy service production, the activity effect will not impact the energy intensity or
energy efficiency of energy service supply within the sector. However, the activity effect may
impact the economy-wide energy intensity and energy efficiency if the sectoral composition
of the economy changes as a result of, for example, a relative decrease in the activity of
energy intensive sectors.

The price effect (Figure 1b) captures energy service input substitution related to the
change in the relative prices. Figure 1b illustrates the input substitution along a specific
energy service technology (IQ1=100) as the relative price of capital is reduced (the move from
IC0 to IC1). By its nature, the price effect may impact the energy intensity by shifting the
relative shares of capital and energy in the production of energy services. In this paper, the
price effect is understood in a somewhat broader context than that presented in Figure 1b as
price induces substitution between all inputs into the sector production function including
substitution between labor, materials, non-energy capital as well as energy services. We
note that the price effect, as discussed above, overlaps with what Greening et al. (2000)
term the direct rebound, whereas the activity effect corresponds to the indirect rebound
and the economy-wide rebound (ibid.).

Finally, the technical effect (Figure 1c) captures the dynamic evolution of production
technology associated with energy service production. A highly efficient heat pump may
replace an older inefficient oil boiler in period t+1. This technical effect is illustrated in
Figure 1c as a change in production technology from IQ0 to the IQ1 isoquant. Both of
these production technologies represent the same output of energy service. As a result,
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energy service production becomes both more energy efficient and more capital intensive
(even in absolute terms) in period t+1. The technical effect can materialize as an incre-
mental efficiency improvement, e.g. a slightly more efficient boiler, but it can also reflect a
more fundamental capital substitution, i.e. investment in insulation or process optimization
reducing the overall need for fuel.

In practice, the activity, price and technical effects are simultaneous and they interact.
For example, a price effect may incur second order interaction effects in terms of activity
effect (e.g. indirect and economy-wide rebound effects) or technical effects (e.g. as prices may
change the trade-off associated with the investment in different energy service technologies).
Ignoring the second order activity effect neglects part of the rebound effect. Leaving out
the second order technical effects risks overlooking issues such as the path dependency of
investments in energy service conversion technologies. Overall, leaving out any of these
interaction effects makes it difficult to construct a baseline as the baseline ideally needs to
account for each effect as well as the interactions between them.

3. Literature review

The literature on the ex ante evaluation of energy efficiency policies for industrial sectors
is sparse. In relation to EU energy efficiency policies, Rosenow et al. (2016) observe that
no peer reviewed ex ante evaluations are available. Instead, ex ante evaluations of energy
efficiency policies tend to focus on heating and appliances in households (see, e.g. Mundaca
et al. (2010). Due to the scarcity of ex ante evaluations of energy efficiency policies for
industry, this review focuses more broadly on the ex ante modelling of industry energy
efficiency. We approach the literature by discussing the extent to which existing studies
capture the technical, price and activity effects. By doing so we highlight the fragmented
nature of the field, which reflects the tendency of most studies to only focus on a subset
of the three effects. Studies usually follow either a bottom-up approach, which focuses on
the technical effect (largely ignoring the price and activity effect), or a top-down approach,
which typically focuses on the demand side (in terms of price and activity effects), describing
the technical effect endogenously. Although hybrid models that combine elements of the top-
down and bottom-up approaches exist, we have not been able to find examples of any that
capture all three effects simultaneously including second order interaction effects. Table 1
presents a summary of our findings.

3.1. Capturing the technical effect

Capturing the technical effect (as discussed in Section 2) ideally requires an approach
(model or database) that is capable of assessing the life time costs and energy savings
potential of specific technologies. More specifically, the approach needs to determine the
future capital and fuel input intensity of a given level of energy service demand and a given
set of prices (Koopmans and Te Velde, 2001). At the same time, the approach needs to track
the vintage of energy service capacity in order to provide insights into path dependency and
no-regret scenarios (McNeil et al., 2013).
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Table 1: Review of ex ante energy efficiency studies on industrial sectors

Study Model type Technical effect Price effect Activity effect Interaction effects
Bataille et al. (2006) Bottom-up Endogenous Partly endogenous Partly endogenous No
McNeil et al. (2013) Bottom-up Exogenous Exogenous Exogenous No
Loulou et al. (2016) Bottom-up Endogenous Partly endogenous Partly endogenous No
Grepperud and Rasmussen (2004) Top-down Exogenous Endogenous Endogenous No
Hanley et al. (2006) Top-down Exogenous Endogenous Endogenous No
Allan et al. (2007) Top-down Exogenous Endogenous Endogenous No
Barker et al. (2007b)1 Top-down Exogenous Exogenous Endogenous No
Barker et al. (2007a)1 Top-down Exogenous Exogenous Endogenous No
Barker et al. (2009)1 Top-down Exogenous Exogenous Endogenous No
Bataille and Melton (2017) Top-down Exogenous Partly endogenous Endogenous No
Koopmans and Te Velde (2001) Hybrid Partly endogenous Partly endogenous Exogenous No
Hartwig et al. (2017) Hybrid Endogenous No Endogenous No
Wu et al. (2019) Hybrid Exogenous Endogenous Endogenous Yes

1 We consider the study by Barker et al. (2009, 2007a,b) to be a predominantly top-down approach because
the bottom-up sub-model provides an exogenous estimate of the technical effect.

Examples of bottom-up models which capture the technical effect include optimization
models (e.g. the TIMES modeling framework (Loulou et al., 2016)) or discrete choice models
(e.g. the Canadian CIMS model (Bataille et al., 2006)). Both CIMS and TIMES facilitate
detailed modelling of energy service producing technologies using several techno-economic
parameters such as efficiency, investment costs, lifetime, etc. The TIMES modelling frame-
work minimizes total energy system costs and identifies the set of technologies that provides
the least-cost solution. The CIMS model relies on discrete choice methods for a richer behav-
ioral representation of the technology choice decision. Using the CIMS model as a reference,
Murphy and Jaccard (2011) highlight the shortcomings of many conventional bottom-up
approaches (e.g., McKinsey, 2007). These shortcomings include: i) the partial nature of the
assessment (e.g. the dependency between different energy efficiency options are ignored),
ii) the assumption of homogeneity across individual consumers and firms, and; iii) the as-
sumption that new technologies are perfect substitutes. The study by McNeil et al. (2013)
represents an alternative illustration of how the bottom-up approach can be inadequate in
terms of assessing the technical effect. Using a bottom-up approach (BUENAS), McNeil
et al. (2013) determine the potential energy savings and impact on greenhouse gas emissions
of energy efficiency policies on appliance and industrial equipment through 2030 on a multi-
country basis. However, BUENAS does not consider the full life cycle cost of technologies.
Instead, the potential for policy induced energy efficiency is assessed by combining an ex-
ogenous engineering assessment combined with stock modelling. Consequently, the study by
McNeil et al. (2013) only captures the change in energy intensity and not changes in capital
intensity.

Conventional top-down approaches do not facilitate the endogenous modelling of the
technical effect at a detailed technology level (Bataille and Melton, 2017). Instead the
technical effect is often captured by changing a parameter that represents the exogenous
autonomous energy efficiency improvement (AEEI) (e.g. Allan et al. (2007); Grepperud and
Rasmussen (2004); Hanley et al. (2006)). Although the implementation of the AEEI varies
by model, in general, it represents a scaling factor that makes aggregate energy use per unit
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of output decline over time independent of any changes in energy prices. Furthermore, the
approach fails to capture the capital needs associated with investments in energy efficiency.
This reflects the fact that these studies consider a cost-free increase in the AEEI parameter,
essentially ”manna from heaven” (Barker et al., 2009).

Another strain of top-down literature incorporates exogenous estimates of policy induced
energy savings into post-Keynesian econometric models to assess the wider macroeconomic
rebound effect of energy efficiency polices (e.g. Barker et al. (2009, 2007a,b)). Although
this literature accounts for exogenous changes in investments (capital cost) required as a
consequence of the energy efficiency policy, the results are highly dependent on the validity
of the studies used to determine the level of energy savings and associated investments. In
addition, this literature does not allow for the macroeconomic feedback to affect the realised
level of energy savings and, therefore, it does not capture the interaction effects.

An additional challenge related to capturing the technical effect within top-down models
concerns the input substitution-elasticity, i.e. the curvature of the isoquant in Figure 1.
Traditional top-down models rely on historical data to estimate this elasticity. However, the
estimation of substitution elasticities are highly dependent on the range of price shocks, the
current state of the sector capital stock, its lifespan, opportunities for retrofitting and new
production, and regional energy prices (Bataille and Melton, 2017). Although Bataille and
Melton (2017) is an ex post assessment of the macroeconomic impact of energy efficiency in
the Canadian economy, it is worth mentioning as the substitution elasticities used within the
study are partly estimated based on pseudo data, created by shocking the CIMS bottom-
up model with a wide range of input prices Bataille et al. (2006). Thus, this study does
overcome some of the concern related to the choice of substitution elasticities.

We consider the following three hybrid modelling approaches in this review: Koopmans
and Te Velde (2001), Hartwig et al. (2017) and Wu et al. (2019). Koopmans and Te Velde
(2001) highlight how it is possible to assess the technical effect by incorporating a bottom-up
database (ICARUS) on energy-saving techniques into a sectoral top-down model (NEMO).
The database identifies the cost and energy savings potential of all energy saving options at
the sectoral level. By linking the database to the top-down model with a detailed vintage
structure, it is possible to identify the saving options that would be profitable in 2000 and
2015 at given energy prices and discount rates. However, relying on a database for this
information does not provide data on the adjustment speed from the ex ante to ex post level
of energy efficiency, nor does it analyze the investment profile between the two static years.
The fuel-specific definition of energy service demands within Koopmans and Te Velde (2001)
represents another weakness in terms of capturing the technical effect. Koopmans and Te
Velde (2001) group energy service processes (e.g. drying, smelting, room heating, electric
appliance) into electricity-using and fuel-using energy services. Although Koopmans and Te
Velde (2001) conclude that future research should investigate the substitution between the
two fuel-specific energy services, it is not clear that this substitution is actually considered
within the study itself. If not, then Koopmans and Te Velde (2001) may be missing part of
the technical effect, e.g. the efficiency gain derived from replacing natural gas for a drying
process with an electrical heat pump technology. If, on the other hand, substitution is
allowed within the NEMO model (using a substitution elasticity), it seems unlikely that
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such a substitution elasticity will remain stable (as new technologies are developed or as the
composition of energy service processes within sectors changes).

Hartwig et al. (2017) present a detailed hybrid approach to evaluate the macroeconomic
impact of an ambitious energy efficiency policy in Germany. The approach relies on a
bottom-up demand model to generate projections of energy use and investments used in
a macroeconomic model. The energy use model includes a detailed technology database
and uses a discrete choice method for modelling decision-making including observed barriers
and heterogeneous expectations among decision makers (i.e. households and companies).
The model approach for the energy efficiency scenario includes a mix of policy measures
to support the accelerated diffusion of energy efficiency technologies, including minimum
efficiency requirements and standardization, taxes, subsidies and a range of information-
based measures. Changes in investments, consumption, energy use and subsidies from the
bottom-up model are allocated to affected economic sectors in the input-output based top-
down model (ASTRA-D). Formally, Hartwig et al. (2017) capture the primary technical
effect. However, the approach does not capture the feedback (interaction effect) from the
top-down model back to the bottom-up model as only the link from the bottom-up to the
top-down model is considered.

Wu et al. (2019) use an iterative soft-link between a bottom-up and a top-down model
to evaluate the effects of energy efficiency improvements in Taiwan. Wu et al. (2019) rely
on a bottom-up model (Taiwan 2050 Calculator) to determine the level of investments and
energy savings. However, energy efficiency settings - within this framework - are exogenously
determined as the Taiwan 2050 Calculator does not determine the mix of policy instruments
needed to initiate energy efficiency improvements.

3.2. Capturing the price effect and the activity effect

Capturing the price effect requires an approach capable of assessing price-induced input
substitution at the sectoral level. Whereas capturing the activity effect, requires sectoral
activity to be determined endogenously within the modelling framework. In general, bottom-
up models are not well suited for capturing the price and activity effects as they tend to
focus on detailed technical descriptions.

Both the CIMS model and TIMES modelling framework can be run to capture aspects of
the price and activity effect. In TIMES, one may use a feature which introduces own-price
elasticity for energy service demands (Loulou et al., 2016). CIMS allows the inclusion of de-
mand responses via Armington price elasticities to capture the price effect of internationally
traded goods and services and own-price elasticities on household consumption, e.g. home
heating (Bataille et al., 2006). However, in essence, CIMS and TIMES are partial equilib-
rium models, tailored towards representing technology evolution and energy consumption.
As a consequence, CIMS and TIMES do not model all commodity and input factors entering
sectoral production, which therefore limits the scope in terms of capturing the full price and
activity effect.

Computable General Equilibrium (CGE) models (e.g. Allan et al. (2007); Bataille and
Melton (2017); Grepperud and Rasmussen (2004); Hanley et al. (2006)) track both price
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and activity effects. Despite this, few CGE studies formally decompose the two effects as
they tend to focus on the net general equilibrium effect.

Grepperud and Rasmussen (2004) consider a doubling of the growth rate in energy
productivity relative to the baseline in a Norwegian context. They find substantial sector-
specific rebound effects. For example, gross production in the electricity-intensive metal
sector increases by an additional 31.9 % relative to the baseline. The rebound in terms of
gross production for the finance and insurance sector is a modest 0.3 %. Hanley et al. (2006)
illustrate the usefulness of CGE in capturing the macroeconomic impact of a 5 pct. increase
in energy efficiency in all sectors of the Scottish economy. Hanley et al. (2006) further
discuss the role of activity and price effects and find that the activity effect dominates the
price effect. In terms of the long term activity effect, the shock increases GDP by 0.88
%. Allan et al. (2007) consider a 5 % improvement in the efficiency of energy use in all
production sectors. They find a long run GDP (activity) effect of 0.17 %, and a substantial
rebound effect on energy use ranging from 50 % in the short term to 30 % in the long term.
It is important to note that Allan et al. (2007); Grepperud and Rasmussen (2004); Hanley
et al. (2006) find relatively large activity and price effects and, thus, also large rebound
effects, which again reflects the fact that these studies consider a cost-less increase in AEEI
parameters. Bataille and Melton (2017) analyze the historic impact of energy efficiency
on the Canadian economy. The study does not decompose the price and activity effects of
energy efficiency, which reflects the focus on overall effects in terms of GDP, employment and
energy expenditure. Overall, energy efficiency improvements added about 2 % to Canadian
GDP between 2002 and 2012.

Post-Keynesian econometric models such as Barker et al. (2009, 2007a,b) use input-
output tables and econometric modelling to analyze the effects of energy efficiency policy
in terms of activity effect (indirect and economy-wide rebound), relying on an exogenous
assessment of the price (direct rebound) and technical effect. Using the macroeconomic
model, MDM-E3, Barker et al. (2007a,b) examine the role of the activity effect in terms
of the indirect and economy-wide rebound arising from UK energy efficiency policies for
the period 2000–2010. Considering policies related to the household, business, public, and
transport sectors, Barker et al. (2007b) find that the activity effect results in an 11 %
rebound. Adding the (assumed) direct rebound effect of around 15% gives a total rebound
effect of 26%. Barker et al. (2007b) further find that rebound from the activity effect varies
between 20 and 30 % for energy-intensive sectors, and between 5 and 10 % for less energy
intensive sectors. Barker et al. (2007a) assess the macroeconomic effects of efficiency policies
directed at energy-intensive industries specifically and find negligible effects on inflation, but
a slight increase in economic growth as a result of improved international competitiveness.
The results also include a total rebound for energy intensive industries of between 27 and
30 % and a rebound of around 15 % for other industries. Barker et al. (2009) find that the
activity effect on a global level results in a long run rebound of 36.1–43.7 % depending on
the sector. Assuming a direct rebound effect of between 5 and 20 %, Barker et al. (2009)
conclude that the total rebound effect arising from energy-efficiency policy will be around
50 % by 2030.

Koopmans and Te Velde (2001) do not capture the full price and activity effect as they
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rely on a sectoral top-down model (i.e. not a general equilibrium model). Instead, the
top-down model only captures the substitution between capital, labor and energy in the
production of energy services, whereas other models are required to predict sectoral output,
energy services and non-energy inputs (Koopmans and Te Velde, 2001).

Hartwig et al. (2017) capture parts of the activity effect within their dynamic input-
output based top-down model. Energy savings in production processes and investments
lead to a reduction in product prices, which is passed on to consumers, thereby freeing up
resources, which can be spent on other goods and services. Energy efficiency investments
from the bottom-up model feed into the capital stock of the top-down model, leading to a
potential activity effect by increasing the production potential of the economy. However, the
approach neglects the part of the activity effect related to structural changes because the
inflexible input-output framework ignores this aspect of the activity affect. Furthermore,
the top-down input-output framework used by Hartwig et al. (2017) does not account for
the price effect (as defined in section 2) as price induced substitution between input factors
is not possible. Instead, the fixed technical input-output coefficients are adjusted to reflect
the technical effect from the bottom-up model.

Wu et al. (2019) rely on a CGE model as their top-down model, thereby ensuring that
both the price and activity effects are endogenous. Unlike other studies reviewed in this
section, Wu et al. (2019) further account for the interaction effect by formally applying an
iterative soft-link routine. This routine updates the level of energy efficiency investment in
the top-down model based on the bottom-up model. The activity and price effect is then fed
back into the bottom-up model in terms of updated values for gross domestic product and
sectoral value added (the demand drivers used in the bottom-up model). The convergence
criterion for the iterative soft-link is a change in GDP from each iterative step less than
0.1 %. The soft-link procedure allows Wu et al. (2019) to determine the crowding-out effects
on the wider economy of the energy efficiency policy. However, a key limitation of the
study is that it does not account for the energy expenditure reduction from energy efficiency
improvements within the CGE model as only information on energy efficiency investment
is exchanged from the bottom-up to the top-down model. As a consequence, the study
does not capture key rebound effects associated with a lower price of energy services at the
sectoral level.

3.3. Summary

In this review, we have highlighted the fragmented nature of the literature that deals
with the ex ante modelling of energy efficiency. This fragmentation mirrors how studies
tend to only focus on modelling a subset of the three effects that determine final energy
use within industry. Technology-rich bottom-up approaches have typically been used to
determine the technical effect, while top-down models based on aggregate data are used to
determine price and activity effects. Although recent decades have witnessed an effort to
unite the top-down and bottom-up methodology into hybrid models, we have not found any
literature that systematically accounts for the activity, price and technical effects, including
their interactions.
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4. Methodology

This section introduces the IntERACT model; the comprehensive modelling framework
used by this paper for the ex ante evaluation of industry energy efficiency policies. IntER-
ACT is a hybrid model built to assess Danish energy and climate mitigation policies. The
model is based on an automated iterative soft-linking routine between an energy system
model (TIMES-DK) and a computable general equilibrium (CGE) model. This section dis-
cusses the methodological approach with respect to how we capture the technical, activity,
and price effects for 10 Danish industrial sectors. For a more technical introduction to the
linking methodology used in IntERACT, see Andersen et al. (2019).

4.1. Capturing the technical effects

We capture the technical effect for Danish industries, aggregated to 10 sectors, using
the TIMES-DK model. Based on the widely applied TIMES modelling framework (Loulou
et al., 2016), TIMES-DK includes a detailed geographical representation of the Danish energy
system, and captures variability in electricity supply and demand by dividing the year into 32
time slices (Balyk et al., 2019). Aside from industrial sectors, the model covers the supply
sector (import/export of primary and secondary fuels), fuel extraction and refinement of
oil products, the power sector (including heat production and distribution through district
heating networks) and the residential sector (heating and appliance demand).

Each of the 10 industrial sectors demand up to six types of energy service including high
and medium temperature process heat, room heating services, electric motors and cooling,
internal transport, lighting and appliances. This detailed mapping offers a significant im-
provement on the simpler fuel-specific mapping, which is traditionally used in top-down
models such as Koopmans and Te Velde (2001). We define energy services in terms of use-
ful energy demand, i.e. energy available to the firms after having accounted for conversion
losses. We calibrate TIMES-DK by endowing the model with fuel-specific conversion ca-
pacities to match historic fuel demand by energy service and sector. In future years, the
model satisfies an exogenously given energy service demand in one of three ways: i) by using
existing energy service capacities; ii) by investing in new energy service capacity, or; iii) by
investing in energy service specific savings. As a consequence, the technical effect can be
further divided into: i) an energy efficiency effect, and; ii) an energy savings effect. Both
effects have an impact on the fuel and capital intensity of energy service production. Energy
efficiency improvements occur as production equipment is replaced by more efficient equip-
ment, while energy savings occur when a firm decides to invest in energy saving measures
such as process-optimization management, wall insulation, heat-recovery, etc.

Techno-economic data on new energy service capacities are sourced from technology
catalogues, which describe conversion efficiency, investment, fixed and variable costs, etc.
(Danish Energy Agency and Energinet, 2016). We use the vintage structure of TIMES-DK
to control adjustment speed by forcing the model to utilize a certain amount of existing
capacity. The detailed vintage structure of the model allows us to provide insights on path
dependency and no-regret scenarios, which is an important feature in long-term energy tran-
sition scenarios, as noted by McNeil et al. (2013). To further ensure more realistic investment
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behavior from one period to the next, we place upper and lower bounds on the annual growth
rate of the output from fuel specific energy service capacity. We model the heterogeneity
of energy service technologies in TIMES-DK by representing a technology type in terms of
the underlying distributions surrounding central techno-economic parameters such as invest-
ment costs and efficiency. This means that rather than modelling each technology type as a
single technology, we model five different versions of this type, i.e. rather than one oil boiler
technology for medium temperature heat, we consider five different oil boiler technologies
with different variations of central parameters such as cost of investment. This is an key
step towards addressing the critique of bottom-up optimization models i.e. that firms are
not homogeneous and that a single technology wins the market, something which is raised
by, e.g. Bataille et al. (2006); Murphy and Jaccard (2011).

Energy savings are based on the mapping of energy savings potential in the Danish
industry sector Kromann et al. (2015). This study elicits relevant knowledge on costs and the
potential for energy savings within each energy service and industry from industry experts.
Both retrofits and management/production-chain optimization savings are considered. The
study extents the mapping to cover all Danish final energy demanding industrial sectors
by coupling this information with data on costs of energy use within each energy service
and sector. The method uses the same definition of energy services and sector aggregation
as in the IntERACT-model, thereby facilitating direct usage. Following Hoffman et al.
(2015), we define the lifetime of energy savings in terms of the effective useful life, which
is the median length of time in years that an energy savings measure is functional. This
corresponds to technical lifetime in the TIMES modelling framework. We rely on the sparse
available literature for estimates of the lifetime of energy savings measures (Goldberg et al.,
2011; Hoffman et al., 2015). Kromann et al. (2015) map the potential for energy savings
in Danish industries. Although this is a static savings potential for 2015, mappings since
1995 have consistently shown that the savings potential growth keeping up with the level
of industrial energy use (DEA, 1995; Johanson and Petersen, 2009). We assume this trend
continues and that the potential for energy savings increases over time. This is reflected by
applying a growth rate to all energy saving potentials (with an explicit maximum share of
energy service that an energy savings can deliver).

We assume that firms’ investment decisions regarding energy service technologies reflect
a private optimization problem, and assume a private discount rate of 10 %. We note that
this level of discount rate is within the range of implicit discount rate rates found in the
literature (Qiu et al., 2015). For example, Oxera (2011) found that the implicit discount
rates for investments in energy technologies for industrial sectors in the UK ranged from
6 to 18 pct. The existence of the energy efficiency gap means that investments in energy
savings are perceived as being less attractive. We acknowledge that a number of internal
barriers exist including a lack of access to capital, information cost, lack of skills, and
complex decision chains within industries (See Sorrell et al. (2011) and Cagno et al. (2012)
for an overview of barriers). We model these barriers by, for example, using hurdle rates,
which translate into an implicit discount rate of around 20 % for investments in energy
saving measures. This may seem high, but based on the use of structural models of firms’
evaluation of energy efficiency projects in the US, Qiu et al. (2015) find implied discount
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rates for medium to small industrial firms ranging from 40 to 45 %. However, in Denmark,
policies promoting investments in energy saving measures already exist, including national
building regulations, Ecodesign demands for energy products and energy labelling within
the EU, which makes the case for a lower than 40 % implicit discount rate (Official Journal
of the European Communities, 2009, 2017). We differentiate the hurdle rate based on energy
services, thus capturing some of the differences between sectors. Some sectors have easier
access to capital than others, while some sectors mainly consist of larger firms with complex
decision chains compared to others. The choice of a 20 % hurdle rate was further guided
by the desire to achieve an annual energy efficiency improvement of around 0.5 % within
the IntERACT baseline scenario (i.e. scenario without additional energy efficiency policy
measures).

4.2. Capturing the activity and the price effects

With IntERACT, we rely on the CGE model to determine the activity and price effects
for the 10 final energy demanding industrial sectors. Armington elasticities are used to
model trade, i.e. foreign goods are imperfect substitutes (Armington, 1969). The model
consists of the following three factor markets: labor, machinery capital and building capital.
Labor and capital markets are homogeneous and fully mobile (aside from the capital tied to
energy service capacity). This, together with the absence of price rigidity, makes the model
relevant in a long-term perspective. Two elements determine the activity effect within the
CGE model: i) the baseline GDP calibration, and; ii) the relative change in sectoral activity.
For the baseline scenario, we calibrate the GDP growth rate in the CGE model to match the
exogenous baseline path by adjusting a Hicks-neutral technology innovation index (Barro
and Sala-I-Martin, 1995). The level of investments, foreign trade balance, as well as public
sector activity are fixed for each modelling year based on the same exogenous macroeconomic
baseline. This means that although the CGE model is not dynamic, the baseline still reflects
a consistent long term projection for the Danish Economy. When using IntERACT for a
policy scenario, we fix the Hicks-neutral technology innovation index at its baseline scenario
level, which means that GDP becomes endogenous in the policy scenario.

The price of capital, labor and materials is endogenous within the CGE model, whereas
the price of energy services, electricity and district heat is based on information from TIMES-
DK. A key feature of the CGE model is that it tracks the demand for each individual sectoral
energy service, which allows us to capture the change in energy service demand following
changes in the relative input price and/or changes in sectoral activity. The CGE model
captures the price effect associated with input substitution in the sectoral production func-
tion, which is driven by the change in relative input prices. Figure 2 illustrates the generic
production structure of the 10 industrial sectors in the CGE model. Each node in the figure
represents a constant elasticity of substitution function with a particular substitution elastic-
ity1. All industrial sectors are modelled using a standard constant elasticity of substitution
(CES) function.

1A separate study has guided the choice of nesting structure and substitution elasticities (Thomsen,
2015).

12



Figure 2: CGE nesting structure
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4.3. Consolidating the interaction effects

Figure 3 illustrates how the iterative soft-linking routine allows us to capture the three
effects as well as the interaction effect. The figure is divided diagonally using a dotted line.
Below the line, energy service supply is determined by TIMES-DK. Above the line, energy
service demand is determined by the CGE model.

We start the iterative routine by running TIMES-DK based on exogenous sectoral de-
mand for energy services. Running TIMES-DK determines the primary technical effect in
terms of investment and fuel expenditures associated with energy savings and conversion
technologies (bottom left of figure 3). Based on the technical effect from TIMES-DK, we
update energy service prices and energy service production technology (including capital
usage) for each industry and each energy service in the CGE model for future years. The
CGE model determines the activity and price effects simultaneously (upper right of figure
3), based on the primary technical effect from TIMES-DK. The resulting future energy
service demand from the CGE model is then fed back into TIMES-DK to capture second
round technical interaction effects. After 3–5 such iterations, we observe convergence be-
tween TIMES-DK and the CGE model. Our convergence criterion is absolute convergence
between fuel costs and tax revenues for each sector-specific energy service between models.
We further observe convergence in capital cost for each energy service between the CGE
model and TIMES-DK (Andersen et al., 2019).

Table 2 highlights the five elements in IntERACT which determine the activity, price
and technical effects, both in terms of the primary effect and secondary interaction effects of
each element. Calibrating GDP-growth using a Hicks-neutral technology innovation index
only results in activity effect, a, in Table 2 (i.e. no interaction effect) since it corresponds
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Figure 3: Capturing price, activity and technical effects in IntERACT

to a simple scaling of (the constant returns to scale) economy. The activity effect, a, from
sectoral shifts (associated with the baseline calibration or policy scenarios) may well result
in additional interaction effects. These occur if sectoral shifts affect relative prices within
the economy (price effect, b) or if sectoral shifts lead to additional investment in energy
service production (technical effect, c). The price effect, b, which is driven by factor input
substitution may, similarly, lead to interaction effects if a higher price of capital reduces
competitiveness and, thereby, activity in a sector (activity effect, a), or if the price of
capital changes the demand for energy services within a sector (technical effect, c). Finally,
the technical effect, c, may lead to interaction effects if the price of energy services changes
the price ratio between energy services and other factors (price effects, b). This, in turn,
could also change the sectoral structure of the economy (activity effects, a).

5. Results and discussion

This section demonstrates how IntERACT allows us to conduct ex ante evaluation of
industry energy efficiency policy. For this purpose, we consider a baseline without energy
efficiency policy and an energy efficiency policy scenario. For each scenario, we solve the
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Table 2: Primary and interaction effects of modelling elements on energy service demand in
IntERACT

IntERACT element Primary effect Interaction effects Model
1. GDP growth (a) CGE
2. Sectoral change (a) (b,c) CGE
3. Factor substitution (b) (a,c) CGE
4. Energy savings (c) (b,a) TIMES-DK
5. Conversion technology (c) (b,a) TIMES-DK

(a) Activity effect; (b) Price effect; and (c) Technical effect

IntERACT model until year 2050. However, this section focuses on the policy impact in year
2030, which reflects the contemporary policy focus within EU member states on meeting
energy savings obligations under the Energy Efficiency Directive for the period 2021 to 2030
(European Union, 2018). We decompose the change in final energy use between 2015 and
2030 for the baseline and policy scenario, relying on an adapted version of the shift-share
decomposition technique (following Dunn Jr (1960))2. Using this decomposition technique,
we highlight how the additional energy savings from the energy efficiency policy is composed
of opposing technical, price and activity effects. We compare the size of the rebound effects
with what is found in the literature. Finally, we discuss the modelling of the policies that
reduce the energy efficiency gap.

5.1. Baseline scenario

The comprehensiveness of the IntERACT model makes it possible to decompose the
baseline scenario in terms of final energy use changes, which are driven by activity, price
and technical effects. Figure 4 decomposes the change in total industry final energy use
between 2015 and 2030 for the baseline scenario. Final energy use increases by 30.4 PJ to
237.8 PJ in 2030. GDP growth is the most important driver behind the increase in energy
use during the period. On its own, GDP growth would increase total final energy use by
52.9 PJ. The change in the relative activity of sectors reduces final energy use by 3.2 PJ
during the period, which reflects the underlying trend that non-energy intensive sectors
grow relatively more than energy intensive sectors; a result that is in line with the historical
trend in Denmark. Together, the growth and structural effects make up the activity effect
component. The decomposition further reveals a small reduction in energy use due to factor
substitution, or price effect (-0.8 PJ). The combined technical effect results in a reduction in
final energy use of 18.9 PJ. This effect is comprised of direct energy savings and conversion
technology changes. Investments in new conversion technologies to replace older less efficient
ones reduce final energy use by 12.6 PJ, whereas energy savings contribute to a reduction in

2This is basically a structural decomposition analysis that allows us to decompose changes in, e.g. energy
intensity into the following five main components: a growth effect, a structural change effect, a factor
substitution effect, an energy savings effect, and a conversion technology effect, together with a residual
interaction effect between these components. See Appendix A for a detailed description of the method.
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Figure 4: Decomposing change in baseline scenario final energy use between 2015 and 2030

Note: Final energy use in this figure includes solar heating and ambient heat used in heat pump

final energy use of 6.3 PJ. Finally, the decomposition methodology captures a minor residual
interaction effect (0.3 PJ), which we cannot readily attribute to any of the three effects.

5.2. Capturing the additionality of energy efficiency policy

Accounting for the baseline allows us to evaluate the additionality associated with an
energy efficiency policy scenario. To this end, we consider a policy scenario which includes
both an up-front investment subsidy (around 0.01 Euros per kWh saved over the life-time
of the savings measure) and policies which address the energy efficiency gap by reducing
the investment barriers associated with energy saving measures. We model the reduction in
investment barriers as a reduction in the hurdle rate from 20% to 11% for industry energy
saving measures.

Section 5.2 discusses the choice of hurdle rate and its effect on the additionality in detail.
Figure 5 captures the net impact of the industry energy efficiency policy in terms of

change in total final energy and change in each element relative to the baseline scenario.
The energy efficiency policy results in a reduction of 9.8 PJ in final energy use in 2030
compared to the baseline scenario. However, this additionality is the product of opposing
technical, activity and price effects. The energy efficiency policy increases energy savings by
9.3 PJ relative to the baseline. Furthermore, it leads to a reduction of 2 PJ in final energy
use from conversion technologies, which reflects how investments in energy savings reduce
reliance on the most expensive and energy inefficient conversion technologies. The energy
efficiency policy results in the avoidance of 2.5 million tonnes of cumulative CO2-emissions
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Figure 5: Decomposing policy impact from industry energy efficiency scenario in 2030 relative to baseline)

Note: Final energy use in this figure includes solar heating and ambient heat used in heat pump

for the period 2018–2030 relative to the baseline scenario3.
The change in growth, structural and factor substitution effects captures the total re-

bound associated with the energy efficiency policy, which amounts to 1.3 PJ. The growth
effect (which reflects the economy-wide rebound) is very small, albeit with a positive sign,
reflecting a minor positive impact from the energy efficiency policy on GDP. The structural
effect (indirect rebound effect) is 0.7 PJ, i.e. the energy efficiency policy leads to a slight
increase in the relative activity of the energy intensive sectors. The price effect (reflecting
the price-induced rebound effect) leads to additional demand compared to the baseline of
0.5 PJ as energy services become relatively cheaper compared to other factors. Finally, we
also observe a minor increase in final energy use associated with the residual interaction
effect of 0.1 PJ.

5.3. Additional savings derived from reducing the energy efficiency gap

In the baseline scenario, we assume that a number of internal barriers exist at the firm
level, which result in a substantial energy efficiency gap. These barriers include a lack of
access to capital, information and skills as well as barriers associated with the complex
decision chains within industries. We use the 20 % hurdle rate to represent the energy
savings investment behavior of firms associated with the baseline energy efficiency gap.

Initially, the subsidy part of the efficiency policy affects the level of energy savings in-
vestment in industry via two channels. Firstly, the investment subsidy has a direct effect on

3corresponding to around 7.2% of total annual Danish CO2-emissions from energy use in 2017 (Danish
Energy Agency, 2018)
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Figure 6: Impact assessment of reducing barriers to energy savings investment

firms’ incentive to invest in energy savings as the subsidy lowers the cost of investments in
energy savings. Secondly, the subsidy may, to some extent, reduce energy efficiency barriers
by, e.g. reducing capital requirements for liquidity constrained firms. This channel can be
said to abate some of the energy efficiency gap. We further assume that the policy scenario
includes additional measures that further work to abate other barriers such as a lack of infor-
mation and skills. However, establishing exactly how a new policy affects barriers requires
further research as it may well depend on the national policy context in particular; both in
terms of existing policy measures and the additional policy measure under consideration.
In a study focusing on the industrial sector in the USA, Qiu et al. (2015) find that increas-
ing energy efficiency policy pressure in the form of recommended energy saving measures
lowers the implied discount rate (or hurdle rate) by around 9 percentage points. Inspired
by Qiu et al. (2015), this paper assumes that the energy efficiency policy reduces barriers
to investments in energy efficiency corresponding to a hurdle rate reduction from 20 % to
11 %.

Figure 6 highlights the significance of the assumed hurdle rate reduction. This is achieved
by comparing the final energy use in the baseline scenario with a subsidy-only policy scenario
and the scenario that includes both the subsidy and hurdle rate reduction. Excluding the
hurdle rate reduction from the policy scenario reduces the additionality from 9.8 PJ to 4.2
PJ. This means that the reduction in the energy efficiency gap (associated with the hurdle
rate reduction) accounts for more than half of the additional energy savings within the
policy scenario. This result highlights the importance of the energy efficiency gap for ex
ante energy efficiency assessments, which underscores the need for further research into the
choice of industry hurdle rates for use in IntERACT. Ideally, such research will be able to
determine how individual barriers contribute to the hurdle rate within specific industries.
This would potentially allow IntERACT to identify both the energy savings contribution
and wider economic impact resulting from the removal of specific barriers. However, such
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Figure 7: Rebound effects in the policy scenario in 2025 and 2030

an analysis is outside the scope of this paper.
Despite, the obvious uncertainty associated with the choice of hurdle rate and the need

for more research, Figure 6 demonstrates how IntERACT (unlike the standard top-down
models) allows us to explicitly consider policies directed at reducing the energy efficiency gap,
thereby contributing to the comprehensive ex ante evaluation of energy efficiency policies
for industrial sectors.

5.4. The rebound effects from the energy efficiency policy

Figure 7 illustrates the development in rebound effects for the period 2025–2030. The
relative size of the rebound effects is calculated by dividing the activity and price effects
measured in PJ by the total technical effects measured in PJ. Unlike, e.g. Allan et al. (2007),
we see that the rebound increases over time from 11.5 % in 2025 to 12.2 % in 2030. The
reason is that the energy efficiency policies continues throughout the period, which leads to
a cumulative energy savings effects, as more and more energy service capacity is replaced by
more efficient equipment and proceses. Studies such as Allan et al. (2007), who consider a
one-time increase in the level of the AEEI parameter, do not capture the path-dependency
associated with energy system investments and, hence, see a reduction in the rebound effect
over time.

In line with Hanley et al. (2006), we find that the activity effects (the sum of the indi-
rect and economy-wide rebound) dominate the price effect (direct rebound). The indirect
rebound represents the largest relative rebound effect, increasing from 5.6 % in 2025 to 6.2
% in 2030 (cf. Figure 7). The second largest effect is the direct rebound associated with the
policy scenario, which increases from 4.5 % to 5.2 %. Finally, the economy-wide rebound
(related to the effect on GDP) remains relatively constant over the periods constituting 1.3
% of the technical effect. We note that the size of the indirect and economy-wide rebound
depends critically on the choice of Armington elasticities. Halving the assumed Armington
elasticities (from four to two) also halves the indirect and economy-wide rebound associated
with the policy scenario. The size of the indirect rebound and economy-wide rebound fur-
ther reflects two key modelling assumptions, which may work in opposite directions. First,

19



the assumption that capital is homogeneous in IntERACT means that the indirect rebound
may be somewhat overestimated as capital and labour are free to reallocate between sectors.
If barriers to capital mobility were modelled by, it would likely reduce the indirect rebound.
Second, the fact that we do not solve the CGE model by using intertemporal optimization
probably reduces both the economy-wide and indirect rebound within the model as the cap-
ital stock cannot adjust following a change in capital demand. Therefore, future research
should focus on modelling barriers to capital mobility and intertemporal investment and
savings behavior.

For energy-intensive sectors, total rebound is around 23 % (ranging from 13–34 %), while
the effect for non energy-intensive sectors is around 4 % (ranging from 2–7 %). Overall, these
results confirm previous findings by Barker et al. (2007a,b), who calculate the rebound effect
for energy-intensive industries to be between 20–30 %, and between 5–10 % for non-energy
intensive sectors. However, Barker et al. (2007b) find an overall total rebound effect of
around 26 %, which is significantly larger than the 12 % we calculate here (cf. Figure 7). The
differences in sectoral structure between the UK and Denmark may explain this difference.

Still, the main factor behind the relatively small total rebound effect found in this paper
is the modest policy-induced reduction in the cost of energy services. Despite the 4 %
reduction in final energy use in 2030 relative to the baseline scenario, energy service costs
are only reduced by 1.4 % on average across sectors. This result reflects how the technical
effect shifts energy service production technology towards being more capital intensive and
less dependent on energy inputs. As such, the direct rebound effect reflects average implicit
price elasticity of around -16 %. Table 3 highlights the implicit price elasticities at the
sectoral level. Not surprisingly, we see that energy intensive sectors, such as cement and
chemical industries, have higher implicit price elasticities than non-intensive sectors, such
as wholesale & retail trade. In general, energy costs tend to make up a larger share of
the value of production or output from energy-intensive sectors, which also contributes to
higher implicit price elasticity. Furthermore, the estimated production system reveals higher
elasticities of substitution between energy and capital for energy-intensive sectors with high
energy cost shares.

Table 3: Average implied own-price elasticities of energy service demand by sector in 2030

Sector Implied price elasticity
Cement & non-metallic minerals -59 %
Chemical industry -46 %
Textiles, wood, paper & other manufacturing -31 %
Private services -19 %
Food industry -17 %
Electronics, motors & metal manufacturing -13 %
Public services -11 %
Agriculture & forestry -10 %
Wholesale & retail trade -7 %
Construction -6 %
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6. Conclusion

The industry energy efficiency policy considered in this paper results in the avoidance of
2.5 million tonnes of cumulative industrial CO2-emissions during the period 2018–2030. This
level of avoidance corresponds to roughly 5% of Danish greenhouse gas emissions in 2016,
which underscores the importance of energy efficiency as a tool for reducing greenhouse gas
emissions. The main contribution of this paper is that it demonstrates how, energy efficiency
policy can be systematically evaluated using a comprehensive hybrid model setup. Unlike
studies found in the literature, the IntERACT hybrid modelling approach makes it possible
to capture both activity, price and technical effects that are endogenously associated with
future energy service demand at the sectoral level. Relative to an endogenous baseline, the
paper concludes that the energy efficiency policy could deliver an additional 9.8 PJ reduction
in final energy use by 2030, equivalent to about 5 % of final industrial energy use.

A policy-induced reduction in energy efficiency barriers accounts for around half of this
additionality. Within the IntERACT model, the reduction in energy efficiency barriers is
modelled by reducing the hurdle rate associated with investments in energy savings, from
20 % to 11%.

The paper further demonstrates how the additional reduction in final energy use can be
decomposed into opposing price, activity and technical effects. The technical effect decreases
energy use by 11.3 PJ. The decrease is a combination of policy induced energy savings and
the increased energy efficiency of conversion technology resulting from reduced final energy
use. Conversely, the price effect (direct rebound) increases final energy use by 0.8 PJ and
the activity effect (indirect and economy-wide rebound) increases demand by 0.8 PJ. The
decomposition shows the importance of including all three effects when assessing the net
effect of an energy efficiency policy in industry. Previous studies have sought to capture
these effects, but none have been able to combine all three effects simultaneously, while
accounting for the interaction between them. Thus, a comprehensive modelling framework
like the IntERACT model is required in order to sufficiently evaluate energy efficiency policies
in industry.
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Appendix A: Methodology for decomposing IntERACT results

This appendix explains the methodology used for decomposing results from the IntER-
ACT model. The objective is to decompose the change in final energy use from one period
to another into several components: growth effect, structural change effect, factor substitu-
tion effect, energy savings effect and a conversion technology effect. We decompose starting
with the use of the shift-share technique, which is loosely based on Dunn Jr (1960). First,
we look at final energy use across different sectors, defining the change in energy use by
either growth in production, structural shifts between sectors or efficiency changes. This
decomposition reveals the activity effect as the sum of the structural and growth compo-
nents. The remaining efficiency component is comprised of several effects. We decompose
this component into three sub-components explaining changes to energy efficiency: relative
factor substitution effect, energy savings effect and conversion technology effect. From this
we can define the price effect as the relative factor substitution effect and the technical effect
as the sum of the energy savings and conversion technology effects.

We apply the following definitions:

E =
∑

i

Ei Y =
∑

i

Yi si =
Yi

Y
e =

E

Y
ei =

Ei

Yi

Here, E is final energy use, Y is the production value, e is energy intensity, s is share
and i is sector.

We write the intensity as the weighted sum of all sectors’ intensities:

e =
E

Y

=
∑

i

Ei

Y

=
∑

i

Ei

Y

Yi

Yi

=
∑

i

Ei

Yi

Yi

Y

=
∑

i

eisi

=
∑

i

(ei + ēi − ēi)(si + s̄i − s̄i)

(1)

Where bar means initial year value. The change in intensity thus becomes:
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e− ē =
∑

i

(ei + ēi − ēi)(si + s̄i − s̄i)−
∑

i

ēis̄i

=
∑

i

eisi +
∑

i

eis̄i −
∑

i

eis̄i +
∑

i

ēisi +
∑

i

ēis̄i −
∑

i

ēis̄i −
∑

i

ēisi −
∑

i

ēis̄i +
∑

i

ēis̄i −
∑

i

ēis̄i

=
∑

i

ēi(si − s̄i) +
∑

i

(ei − ēi)s̄i +
∑

i

(ei − ēi)(si − s̄i)

(2)

Using equation 2, we can decompose changes in energy intensity e in a structural term;∑
i ēi(si − s̄i), an efficiency term;

∑
i (ei − ēi)s̄i, and an interaction effect between the two;∑

i (ei − ēi)(si − s̄i). Moving to decompose changes to final energy consumption (E − Ē)
instead of intensities, we rewrite equation 2 so that E = Y e:

E − Ē = Y e− Ȳ ē

= Y (e + ē− ē)− Ȳ ē

= Y (e− ē) + (Y − Ȳ )ē

= Y
∑

i

ēi(si − s̄i) + Y
∑

i

(ei − ēi)s̄i +

Y
∑

i

(ei − ēi)(si − s̄i) + (Y − Ȳ )ē

(3)

Therefore, equation 3 makes it possible to decompose changes in final energy consumption
into the following 4 components:

1. A growth component, where sectoral structure and intensities are held constant.
(Y − Ȳ )ē

2. A structural component, where intensities are held constant. Y
∑

i ēi(si − s̄i)

3. An efficiency term, where sectoral structure is held constant. Y
∑

i (ei − ēi)s̄i
4. An interaction effect. Y

∑
i (ei − ēi)(si − s̄i)

As noted earlier we now have obtained the activity effect (the sum of the growth and
structural effects). Further decomposition is required to be able to distinguish the price and
technical effects, both components of the efficiency effect. To achieve this, we decompose the
efficiency term of equation 3 into the following three sub-components: a factor substitution
effect, an energy savings effect and a conversion technology effect. More sub-components
might contribute to the efficiency effect, but are neglected here.

Calculating the factor substitution effect (FSE) requires knowledge about the growth in
production of sectors and the growth in demand for energy services. If production has grown
relatively more than demand for energy services, there has been a factor substitution effect
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towards factors other than energy services and as a result energy use will decline. Thus,
FSE is changes to energy use because of relative factor substitution. We apply the following
definition:

ESi =
∑

s

Ei,s ∗ Ci,s

Where ESi is the energy service demand per sector, i, summed over all energy services,
s. Note that ESi is defined in terms of useful energy, or net energy. Ci,s is the conversion
loss or efficiency of conversion technologies per sector, i, and energy service, s.

Equation 4 shows how factor substitution effect is defined in terms of final energy.

FSE =
∑

i

((ESi − ESi

ESi

− Yi − Ȳi

Ȳi

)
ESi

( Ei

ESi

))
(4)

Thus, summed over all sectors, the first-part of equation 4 calculates the difference in
growth of energy service demand and production output. We convert this to absolute changes
to energy service demands by multiplying with the sum of energy service demands by sector.
Since energy service demand is defined in terms useful energy we convert into final energy
using the fuel intensity of energy service production.

Finding the energy saving effect is simple when using the TIMES-DK model as we simply
read out the amount of energy services provided by energy saving investments. As noted
earlier, energy savings can take the form of equipment, such as retrofitting and insulation,
and management, such as process route optimization. Equation 5 shows how the energy
saving effect is defined in terms of final energy.

ESAV =
∑

i,s

SAVi,s

( Ei,s

ESi,s

)
(5)

Thus, per sector, i, and energy service, s, we convert energy savings, SAV in terms of
useful energy to final energy using fuel intensity of energy service production.

We term the remaining residual from the energy efficiency component from equation 3
the conversion technology effect (CTE). This residual captures conversion technology im-
provements, fuel switching, etc. We calculate this effect in equation 6:

Y
∑

i

(ei − ēi)si = FSE − ESAV − CTE ⇔

CTE = Y
∑

i

(ei − ēi)si − FSE − ESAV
(6)
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Now we have further decomposed changes in final energy use, following equation 3:

E − Ē = Y
∑

i

ēi(si − s̄i) + Y
∑

i

(ei − ēi)s̄i +

Y
∑

i

(ei − ēi)(si − s̄i) + (Y − Ȳ )ē ⇔

E − Ē = Y
∑

i

ēi(si − s̄i) +

∑

i

((ESi − ESi

ESi

− Yi − Ȳi

Ȳi

)
ESi

( Ei

ESi

))
+

∑

i,s

SAVi,s

( Ei,s

ESi,s

)
+

(
Y
∑

i

(ei − ēi)si − FSE − ESAV
)

+

Y
∑

i

(ei − ēi)(si − s̄i) +

(Y − Ȳ )ē

(7)

Thus, equation 7 yields the components that can be attributed to the three main effects:
activity, price and technical:

• Activity effect, which consists of a:

– Growth effect component, defined in equation 3:
(Y − Ȳ )ē

– Structural effect component, defined in equation 3:
Y
∑

i ēi(si − s̄i)

• Price effect, which consists of a:

– Factor substitution effect, defined in equation 4:

FSE =
∑

i

((
ESi−ESi

ESi
− Yi−Ȳi

Ȳi

)
ESi

(
Ei
ESi

))

• Technical effect, which consists of a:

– Energy savings effect, defined in equation 5:

ESAV =
∑

i,s SAVi,s

(
Ei,s
ESi,s

)

– Conversion technology effect, defined in equation 6:
CTE = Y

∑
i (ei − ēi)si − FSE − ESAV
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• Residual effect, which consists of a:

– Interaction effect, defined in equation 3:
Y
∑

i (ei − ēi)(si − s̄i)
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