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1 Introduction 
This report concludes the work in the SAVE-E project supported by the Innovation Fund Grant No 4106-
00009B. The project consists of six scientific workpackages that cover a wide range of topics associated with 
energy savings. The results obtained in workpackages are synthesised for each WP separately followed by a 
chapter with general recommendations from the project.  

The 14 project partners has been cooperating several partners in each workpackage and across the 
workpackages as reflected in the joint scientific publications and other publications as well as workshops 
conducted throughout the project. The following partners contributed to the project:  

 

• Technical University of Denmark, DTU Management, Sustainability Division 

• Aalborg University, SBI 

• Technical University of Denmark, DTU Management, Management Science Division 

• University of Copenhagen, IFRO 

• University of Copenhagen, Department of Mathematical Sciences 

• Roskilde University 

• Danish Energy Association 

• Danish Energy Agency 

• ViegandMaagøe 

• Roskilde Municipality 

• ProjectZero 

• Professor Stein-Erik Fleten, Norwegian University of Science and Technology 

• Professor Mark Jaccard, Simon Fraser University, Canada 

• Gate21 

 

This report was based on contributions from all participants:  Anders Larsen, Frits Møller Andersen, Carsten 
Lynge Jensen, Casper Bjerregaard, Geraldine Henningsen, Pia Berring, Simon Bolwig, Catharina Wiese, 
David Pisinger, Trine Boomsma, Mattia Baldini, Niels Framroze Møller, Henrik Klinge Jacobsen, Karsten 
Capion, Kristoffer Steen Andersen, Rikke Nærå, Lars Gårn Hansen, Mark Jaccard, Stein-Erik Fleten, Kim B. 
Wittchen, Alessio Trivella, Lise-Lotte Pade, Morten Brøgger, Nikolaj Nørregård Rasmussen, Luigi Bottecchia, 
Andrea Pasquali, Lauge Truels Larsen, Peter Maagøe, Emil Albæk Kristiansen, Peter Rathje, Peter 
Kristensen, Lærke Møller Toftlund, Signe Poulsen 
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2 Results obtained in WP1  
Estimates of energy use for heating, cooling and domestic hot water in buildings is a prerequisite for 
understanding the possibilities for energy savings in the building stock. Collection of energy bills and energy 
metering is not sufficient to estimate potential energy savings. To establish such an estimate, there is a 
need to collect information about the thermo-physical properties and volumes of the individual buildings of 
the building stock. This kind of information is not available for all Danish buildings, but the energy 
certification scheme hold this information for those buildings that have been certified. It is mandatory to 
present a valid certificate when a building is being sold or rented out as wells as when a new building is 
constructed.  
 
In the SAVE-E project we have accessed the energy certification database and extracted sufficient 
information on more than 300.000 Danish buildings to create models that can predict the energy need in 
these buildings in their current (when certified) energy standard. With these models, it is possible to 
calculate different scenarios for energy upgrading of the buildings and hence the energy saving potential.  
 
In parallel to this, archetype models was created, representing different building types (use) and age of the 
buildings. These two parameters defines buildings that are somewhat similar in terms of building 
constructions, window-to-floor ratio and hence energy performance. Using archetype models makes it 
possible to access energy performance of these average buildings, and impose energy upgrading of the 
buildings thermal envelope and/or technical heating installations. Compared with the initial archetype 
calculation, this upgrade will show the energy saving potential.  
 
As the existing buildings are being certified when sold or rented out, they are selected more or less 
randomly and can thus be seen as representative for the entire Danish building stock. Information collected 
from the Danish Building and Dwelling stock register (BBR), which holds information about all Danish 
buildings, can then be used to scale the calculated energy performance from the EMO sample or archetype 
calculations to the Danish building stock.  

2.1 WP1 topics covered 

Extracting information from existing databases, filtering and setting up models that enables calculation of 
the current and future energy performance of buildings has been the central topic in WP1. This can be 
divided into the following sub-tasks:  

• Extracting data from the Danish energy certification scheme  
• Cleaning data, ensuring that full buildings are represented by valid data 
• Setting up a calculation model for individual calculation of all extracted buildings 
• Establish archetype models (based on the aforementioned extracts from the energy certification 

scheme), representing different segments of the Danish building stock 
• Calculating different scenarios for energy upgrading of the building models 
• Scaling calculations from segments to the Danish building stock using data from the Danish Building 

and dwelling stock register. 
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2.2 Methods applied and developed/modelling 

 
Flexible building stock modelling with array-programming 
Many building stock models employ archetype-buildings in order to capture the essential characteristics of 
a diverse building stock. However, these models often require multiple archetypes, which make them 
inflexible.  
 
A method of an array-programming based model, which calculates the heat demand of each building 
separately has been developed. This approach makes it possible to study any subset of the building stock 
without loss of information by aggregation in archetype models. Moreover, the calculated heat demand 
can readily be compared to a registered consumption in individual buildings to account for discrepancies. 
Results show, that we tend to overestimate potential energy-savings, if we do not consider these 
discrepancies. 
 
The model has been developed in R and makes it possible to compute and visualize potential energy-
savings in a flexible and transparent way. The model is set up to calculate the heat demand in each 
building, by means of vectorised calculations. However, before proceeding immediately to calculating heat 
demands, faulty data must first be removed, and data must be arranged in an appropriate array structure. 
The array based calculation model offers two easy approaches to studying potential energy-savings of a 
specific energy-saving measure, and for a subset of the building stock. 
 
Hybrid modelling for improving estimates of the average energy-saving potential of a building stock 
Assessing the energy-saving potential in a building stock requires accurate prediction of the energy use in 
buildings, as well as estimating effects of imposing energy-conservation measures. Bottom-up building 
physics-based building stock energy models are widely used for this purpose. However, deficient data (e.g. 
data related to the use of the building) compel modellers to use normative assumptions in its place, 
thereby compromising the accuracy of building-physics based models. Furthermore, validation of building-
physics based building stock energy models is often lacking.  
 
In the present study, a hybrid bottom-up building stock energy model was developed in order to overcome 
the drawbacks of traditional building-physics (engineering) based modelling methods. Using a sample of 
more than 100 000 residential buildings, individual building-physics based models were calibrated against 
energy use data in a multiple linear regression setting, thereby providing a novel hybrid bottom-up building 
stock energy model. Furthermore, embedding building-physics based building energy models in a statistical 
model made it possible to validate the model by means of common statistical measures.  
 
The proposed hybrid model provided significantly more accurate estimates of the energy use in an unseen 
sample of buildings than a purely building-physics based building stock energy model. Moreover, as the 
hybrid model included a unique building-physical description of each building in the sample, it could be 
used for estimating the effect of imposing an arbitrary energy upgrade.  
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This way of setting up a hybrid building stock energy model provides a simple, yet accurate, approach for 
estimating the energy-saving potential of a building stock that could be used for informing policy makers 
and other stakeholders. 
 
Estimating the influence of rebound effects on the energy-saving potential in building stocks 
The energy-saving potential in buildings is often overestimated because implicit factors, such as rebound 
effects, are ignored. In order to get an accurate estimate of the realisable energy-saving potential in a 
building stock, these factors, as well as how they differ among buildings with different characteristics, must 
be accounted for.  
 
On the building stock level, detailed information about the actual conditions in each building (e.g. indoor 
temperatures, domestic hot water consumption, internal heat loads, etc.) is rarely available. In its place, 
fixed assumptions are often made, usually disregarding the characteristics of the buildings. Therefore, a 
method that is based on available building stock data is needed for adjusting this technical energy-saving 
potential. It was investigated how the heat consumption in residential buildings might be expected to 
change due to an energy upgrade, using a hybrid bottom-up model of the Danish residential building stock. 
Pseudo-rebound effects, inherent to the thermal standard of the building, were quantified in a sample of 
134 000 buildings with different characteristics. 
 
Results showed that estimating the heat-saving potential on the basis of the thermal characteristics alone 
(i.e. the technical heat-saving potential), would lead to a considerable overestimation of the realisable 
heat-saving potential in the residential building stock. However, the size of the realisable heat-saving 
potential was found to vary considerably among buildings with different characteristics, despite having the 
same technical potential. This indicated that the technical heat-saving potential should be corrected 
differently in buildings with different characteristics. 
 

2.3 Interesting research findings/highlights 

It was found that estimating the heat-saving potential in residential buildings on the basis of the thermal 
properties of the building alone, sometimes referred to as the technical heat-saving potential, would result 
in an overestimation of the realisable heat-saving potential. Using data available from the Danish building 
energy certification scheme and publicly available records, it was possible to derive factors for adjusting the 
technical heat-saving potential, in order to get more accurate estimates of the realisable heat saving 
potential in the residential building stock. The proposed model made it possible to identify pseudo-rebound 
effects in the building stock under consideration. These pseudo-rebound effects were found in all parent 
groups of buildings. The size of these implicit effects varied considerably between buildings with different 
characteristics, ranging from no difference to a factor of two in the estimated heat-saving potential. 
However, even small effects mounted up in combination with each other, when considering a group of 
buildings with very specific characteristics. Though not analysed explicitly, the differences in realisable heat 
saving potentials could suggest that the assumptions, in terms of average indoor temperatures, domestic 
hot water consumption, air change rates, time of occupancy and electricity use (among other occupant 
related factors), used for calculating the technical heat-saving potential could be systematically different in 
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buildings with different characteristics. Therefore, the technical energy-saving potential should be adjusted, 
in cases where assumptions were made due to limited access to data about the actual conditions in the 
building(s) under consideration.  
 
Thermal properties and system efficiencies, which could have been misjudged in the energy performance 
certificate, also pose a potential cause for the observed discrepancy between the calculated heat demand 
and the registered heat consumption, which could not be captured by this model. Likewise, socio-economic 
characteristics, which were not included in this study, could also have an effect on the size of the heat-
saving potential. 
 
A hybrid model for the Danish residential building stock, utilising data from the Danish building energy 
performance scheme was used to stablish a simple building-physics based model was set up for each 
building. This model was used studying effects of imposing energy-efficiency measures in the residential 
building stock. Moreover, the unique representation of each building provided a direct link between the 
results of the building-physics based model and the corresponding metered energy use in each building. 
This combination of data made it possible to set up a hybrid model at the building stock level. Simple 
statistical methods, in terms of multiple linear regression, was used for post-processing the results from the 
building-physics based model, thereby providing more accurate estimates of the average energy use for 
heating in the building stock.  
 
The simplicity of the proposed hybrid model (in terms of the simplicity of the building-physics based model 
and the statistical model respectively) in combination with the improved accuracy of the model makes the 
hybrid building stock energy model a powerful tool for informing policymakers with respect to energy use 
and investments in energy-conservation measures in the building stock. 
 

2.4 Perspectives for further research and application 

Since heat consumption for space heating and domestic hot water could not be separated in available data 
for this study, it should be considered to do a sensitivity around the influence of heat consumption for 
domestic hot water on the total heat demand. In order to address what caused the observed differences, 
individual factors should be investigated. Measuring the indoor temperature, air change rate, etc. across a 
broad sample of buildings could help justify (or falsify) some of the assumed input values. Likewise, an 
investigation of the actual transmittance values of the building envelope elements would be valuable in 
checking for systematic biases in the tabulated values that are normally used for building energy 
performance ratings, as stated in the handbook for energy certifiers. 
 

2.5 Recommendations for policy adjustment in Denmark 

Using the developed methods for taking the pre-bound and rebound effects into consideration when 
estimating potential energy savings in a building stock will give a more realistic (lower) estimate of the 
energy savings by implementing different energy saving measures. It is recommended to include these 
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effects in future analyses of the energy saving potential and hence political initiatives to promote energy 
savings in buildings. 
 
 

3 Results obtained in WP2  

3.1 Topics covered 

 
We considered problems related to sustainable energy operations and investments. With sustainability, we 
mean a broader concept which includes energy efficiency and savings, renewable energy, and corporate 
social and environmental responsibility. The rapid evolution of the energy sector and the increasing 
environmental concerns constantly introduce new optimization problems to solve. We thus consider a 
number of case studies aimed at covering energy markets and systems problems, industrial applications, as 
well as consumer/household models. We contribute to the definition, understanding, and resolution of these 
problems and provide insights for companies and policy makers, with a focus on Denmark in some of the 
studies.  
 
Managing shutdown decisions in energy production in a social commerce perspective 
Our first case study involves commodity and energy production assets embedding real optionality, that is 
managerial flexibility, to convert a set of inputs into a set of outputs and with the option to permanently shut 
down. Merchant commodity and energy producers maximize the value of the production asset by adapting 
this flexibility to the evolution of uncertain market factors such as prices of commodities and energy sources. 
However, given the gravity of a plant shutdown on the society in the form of e.g. loss of employment, adverse 
publicity, and political resistance from unions, companies can benefit from deviating from a pure asset value 
perspective. Motivated by an aluminum producer, in this work we focus on the management of shutdown 
decisions in a social commerce perspective. To mitigate adverse societal impacts of a shutdown, we prefer 
plant's operating policies that (i) delay shutdown decisions to later parts of the planning horizon and (ii) 
reduce the likelihood of shutdown within this horizon. The goal of our study is therefore finding operating 
policies for the plant that can delay and/or reduce the use of the plant's shutdown option for small asset 
value losses. 
 
Meeting corporate renewable power targets 
In this second work, we study an emerging problem faced by corporations in the context of corporate energy 
procurement. In the last few years, many companies (for instance, half of the Fortune 500) have announced 
commitments to meet sustainability and climate targets, which include targets on greenhouse gas emissions 
reduction, energy efficiency, and renewable energy procurement. In particular, meeting a renewable energy 
target for a company refers to satisfying a percentage of its electricity demand by renewable energy sources 
by a future target date. The goal of this work is to investigate how a company can set up a power sourcing 
policy to reach a renewable energy target and then sustain this target at minimum expected cost. We study 
procurement portfolios based on two dominant strategies to achieve this target: long-term procurement of 
power and renewable energy certificates at a fixed price using corporate power purchase agreements 
(CPPAs) and short-term purchases at volatile prices. 
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Enabling active/passive trading in dual pricing balancing markets 
Electricity markets around the world have different structures but typically are composed by at least a day-
ahead market and a balancing (real-time) market. The market participants, e.g., conventional and renewable 
producers, place a market bid at the day-ahead market for the delivery of electricity during the next day. In 
determining their day-ahead bid, market participants account for the uncertainty in power prices and 
renewable energy production during the next-day delivery period, which are not known when the offer is 
made. We propose a novel electricity market framework that differs from the current market structure in 
the way the balancing market participation is thought. Currently, controllable production units participate in 
the balancing market as “active” actors that offer regulating energy to the system, whereas renewable units 
are “passive” actors that create imbalances and hence receive less competitive prices. Motivated by the need 
of additional flexibility in the system, our proposed market framework enables instead participants in the 
balancing market to be active in some trading intervals and passive in some others. However, the two 
participation modes are enforced to be complementary and agents submitting regulating energy offers for a 
given trading interval are prevented from creating imbalances in that interval. 
 
Oligopolistic energy markets with Cournot competition 
Next, we consider another problem related to electricity markets. Market characteristics such as time 
resolution, the time of market offering and the information available at this time, price elasticities of demand 
and the number of market participants, allow producers to exercise market power to different degrees. To 
capture this, we study oligopolistic spot and balancing markets with Cournot competition. 
 
Modeling energy savings in the Danish household sector 
Substantial work has been done in relation to energy savings in the Danish household sector. This includes: 
(i) modelling optimal investments in energy-efficient appliances from an end-user and system perspectives, 
and (ii) determining the socioeconomic or behavioural influential factors behind the choice of such 
appliances. This work has been carried out in collaboration with WP5. We thus refer to WP5 for more details 
on related methodology, results, and policy implications. 
 

3.2 Methods applied and developed/modelling 

 
The studies of this work package are connected with a number of methodological advances in large-scale 
stochastic optimization. Many of the problems encountered are in fact large-scale sequential decision making 
problems under uncertainty. We contribute to the development of new operations research methodologies, 
including models, algorithms, and theory, for solving such problems with particular focus on approximate 
dynamic programming techniques. This includes: 
 

• We formulate a constrained Markov decision process (MDP) that maximizes the value of a production 
asset with constraints on the shutdown decisions. Solving this constrained MDP is more challenging 
than an unconstrained MDP, which is by itself hard under realistic high-dimensional models of the 
market uncertainty. We approximate this intractable constrained MDP using unconstrained MDPs. 
Our first strategy modifies the shutdown cost in a way that is consistent with anticipated regret 
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theory in behavioural psychology. We compute operating policies from this model by extending the 
regress-later least squares Monte Carlo method and also defined a deterministic version of this policy 
as a shortest path-based reoptimization heuristic. Our second strategy extends practice-based 
methods that use switching thresholds on production margins by determining better thresholds via 
a combination of least squares Monte Carlo and machine learning classification.  

• We formulate an MDP that optimizes the corporate multi-stage procurement of power to reach and 
sustain a renewable procurement target. Our MDP is intractable because its action space is non-
convex, and its state space has high-dimensional endogenous and exogenous components. Although 
approximate methods to solve this MDP are limited, a procurement policy can be obtained using an 
easy-to-implement ``primal'' reoptimization strategy, which solves a deterministic model with 
stochastic quantities in the MDP replaced by forecasts. This approach does not, however, provide a 
lower bound on the optimal policy value. We propose a novel ``dual'' reoptimization heuristic which 
computes both procurement decisions and a lower bound while retaining the desirable 
implementation properties of primal reoptimization.  

• To illustrate and evaluate the proposed active/passive balancing market framework, we consider the 
case of a virtual power plant (VPP) that trades in a two-settlement electricity market composed of a 
day-ahead and a dual-price balancing market. A VPP is a cluster of generating units (both controllable 
and renewable) and storage systems which act as a single actor in the market and is one of the agents 
who could benefit from our market framework. We formulate the optimal market offering problem 
of the VPP as a three-stage stochastic program, where uncertainty is in the day-ahead electricity 
prices, balancing prices and the power output from the renewable units. 

• We formulate two equilibrium models for the sequential markets. The first is an open-loop model 
which can be solved by use of the Karush-Kuhn Tucker optimality conditions, the result being a mixed 
complementarity problem. The second is a closed-loop model that accounts for the sequence of 
market clearings but is more computationally demanding. Via the optimality conditions, the result is 
an equilibrium problem with equilibrium constraints which we solve by diagonalization.  

 

3.3 Results and interesting research findings/highlights 

 
The main results and research findings from this work package are the following: 
 

• We test our shutdown-averse methods using real data from an aluminum producer and an eight-
factor stochastic model of the uncertainty calibrated on market data. We find that our methods can 
substantially delay and/or reduce the use of the shutdown option for small asset value losses. Thus, 
taking a social commerce perspective in managing a plant's operating flexibility appears financially 
viable, at least in our application. 

• On realistic instances, the dual reoptimization procurement policy is near-optimal and outperforms 
policies from primal reoptimization and other heuristics. This suggests that rolling planning 
approaches can be extended to effectively compute dynamic procurement portfolios. The relevance 
of dual reoptimization extends beyond our specific procurement setting to other applications that 
give rise to MDPs with continuous and high-dimensional state spaces and non-convex action sets. 
Moreover, our numerical experiments indicate that portfolios that include multiple CPPAs, in 
addition to short-term purchases, can significantly reduce procurement costs, especially for 
companies with aggressive renewable power targets. Such portfolios also lead to procurement costs 
that are stable when contract availability and the market dynamics of renewable energy certificates 
prices change.  
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• We show with numerical experiments that, under our proposed active/passive balancing market 
framework, the expected revenue of a VPP can increases significantly compared to an as-is market 
status. Our analysis also reveals that the active participation is more attractive in the hourly intervals 
with limited production uncertainty from the stochastic sources and profitable balancing market 
price scenarios, and the passive one when highly uncertain renewable energy production is 
combined with narrow balancing market price scenarios (i.e., close to the day-ahead price). The 
proposed framework is potentially relevant from the perspective of a system operator, who would 
benefit from having more regulating energy available in real time and can be also seen as a lever to 
facilitate the integration of renewable power sources through their aggregation into VPPs. 

• We prove that under perfect competition, the solutions to the open-loop and closed-loop market 
equilibria are the same. Under Cournot competition, however, they may differ. For most parameter 
values, producers obtain higher profits from simultaneous open-loop decision-making in the spot 
and balancing markets than from sequential closed-loop decisions. The differences between open-
loop and closed-loop decision-making are largely offset by possibilities to arbitrage and become 
substantial when excluding such behaviour. In the absence of arbitrage opportunities, the modeling 
of sequential spot and balancing market equilibria therefore depends on the trade-off between the 
realism of the closed-loop problem and the computational effort to solve this.  

 

3.4 Perspectives for further research and application 

 
We have demonstrated that risk in energy investments can be limited by using advanced stochastic models. 
In particular, we studied the management of permanent shutdown decisions in merchant commodity and 
energy production assets from a social commerce perspective, which deviates from the popular asset value 
maximization approach. Shutdown is a major risk in energy saving investments, since this will imply that the 
environmental impact will be lost. However, the environmental impact may be difficult to monetize, and 
hence incorporate in the running costs, so it needs to be expressed as an auxiliary goal. The developed models 
are still quite complex and difficult to solve for big industrial installations. It will therefore be interesting to 
develop standard models for many of the most occurring energy saving investments, such that off-the-shelf 
solutions can be used to assess the risk. This will make it possible to apply the results in a much wider setting. 
 
Since minimizing risk and maximizing energy savings are two independent objectives that cannot just be 
added together, multi-criteria methods may help decision makers in finding the proper trade-off between 
savings and risk. Therefore, we need to find solution methods to efficiently determine the pareto-optimal 
solutions that have the best trade-off. 
 
Traditional power market models represent a day-ahead spot and an intra-day balancing market assuming 
simultaneous open-loop decision-making. Our study on oligopolistic markets shows that such assumption 
may produce less realistic results, especially when the market experiences exercise of market power and 
limited arbitrage possibilities. For this reason, the efficient solution of closed-loop decision problems is highly 
relevant for future research.  
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3.5 Recommendations for policy 

 
Since the present work package mainly has been dealing with methodology, only a few recommendations 
can be given. 
 
In order to promote investments in energy saving, several public programs provide subsidiation of some form 
by giving a monetary subsidy. One should reflect whether this is the best way of subsidising investments 
considered that risk is a major limiting factor in the green transition. Perhaps it would be better to provide 
subsidiation in terms of risk covering. In other words, the public program will cover a potential loss if the 
investment does not pay off during a pre-defined time-horizon. Using a shared responsibility between 
company and public will furthermore prevent companies from unrealistic investments, but still allay the 
consequences of failed investments. 
 
When investing in energy savings, the risk should be accounted for in the operational plan already at the 
establishment time. Our studies showed that shutdown decisions for green investments can be significantly 
delayed or avoided using a few percent of the plant's maximum asset value. 
 
 

4 Results obtained in WP3 

4.1 Research results and their limitations 

• The study of homeowners' satisfaction with GreenPulse (Grøn Puls) energy audits in a selected 
(relatively well-off) neighbourhood of Roskilde shows mainly positive outcomes in terms of the 
quality, volume and cost of energy audits and the communication involved in organising them. 
Homeowners also perceived the municipality to be a relevant and trusted organiser of energy 
audits, but had little knowledge of the municipality's energy saving activities.  

• The study revealed some tensions related to incentivizing energy renovation or savings in private 
homes: 1) The GreenPulse reliance on local craftsmen (trained as auditors) creates capacity 
bottlenecks for audits, but also saves costs and helps justify municipal support to energy savings. 2) 
The legislation governing municipal activities ('kommunalfuldmagten') creates a barrier to target 
efforts at specific households and to differentiate the level of self-payment of audits according to 
the willingness to pay. 

• Homeowners had not spread the information/knowledge obtained about energy savings through 
the GreenPulse intervention as much as we had expected. 

• Based on anecdotal evidence from interviews of homeowners, we hypothesize that investments in 
energy savings are often triggered by situational changes, for example, moving in, house 
renovation, remortgaging, change in family situation. 
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• Our experiment on the GreenPulse audit uptake in 2018 finds that marketing and information 
nudges1 substantially affect energy audit uptake. Long, focused foot in the door  (FITD) priming 
letters reduce audit uptake among women, while uptake among men is reduced by FITD 
information nudges and illustrations but is increased by information about the monetary value of 
the energy audit (anchoring) in the letter  with the energy audit sales proposal.. 

• Our experiment on GreenPulse audit uptake done in 2018 is designed so that, in 3-5 years, it is 
possible to assess causal effects on energy consumption of marketing and information nudges and 
of energy audit uptake. 

• A meta-analysis of published studies of household energy efficiency investments were conducted. 
It showed that the household characteristics income and home ownership show the clearest trends 
in explaining households’ investment decisions in energy efficiency measures. Households that 
have a high income and own their home are more likely to invest in energy efficiency measures 
than households that have a low income and rent their home. These results confirm that access to 
capital and financial resources play a role in households’ investment decisions on energy efficiency, 
and that split incentives are a barrier to energy efficiency improvements.  

• However, the overall magnitude of the trends we find in the meta-analysis is limited. Furthermore, 
the variability of the effect sizes across studies can only partially be explained by model- and 
sample-specific information. This result suggests a strong situational component in the effect of 
household characteristics on households’ investment decisions. Thus, a major part of the variability 
across studies exists due to unknown factors. Because of both the limited magnitude of the effects 
and the strong situational component in the effect of household characteristics on households’ 
investment decisions, it is questionable whether targeted policy design, when restricted to easily 
accessible variables, may serve as a widely applicable tool.  

 
Limitations of the research: 

• We do not yet know how the GreenPulse interventions will affect, respectively, investments in 
energy savings/renovation and energy consumption, due to the natural time-delay in these effects 
and because of a delay in availability of consumption data. 

• We cannot yet establish whether there are differences in effects between areas within and outside 
the district heating area, but it is hypothesized that the potential for incentivizing energy savings 
through GreenPulse energy audits is higher outside local district heating areas than inside. This is 
because the district heating companies have already made considerable efforts to motivate energy 
savings among their customers. 

• We were unable to quantitatively assess the effects of situational factors (e.g. moving into home, 
kids moving out etc.) on energy audit uptake or energy efficiency investments.  

 

                                                           
1 A nudge is any aspect of the choice architecture that alters people's behaviour in a predictable way without forbidding 
any options or significantly changing their economic incentives. 
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4.2 Research recommendations 

• Experiment on GreenPulse audit uptake in 2018 should be completed and energy savings effects 
analysed. 

• We should study historical correlations between situational changes (moving into home, kids 
moving out etc.) on the one hand, and energy audit uptake and energy renovation behaviour on 
the other hand, and based on this analysis, develop and undertake experimental investigation of 
situational targeting of energy savings policy. 

• Further research to identify target households (e.g., in terms of income, ownership or 'life 
situation') for energy efficiency interventions is necessary to give strong advice on the targeting of 
energy efficiency policy. 

• We should differentiate the analysis of effects of energy audits according to the coverage by district 
heating, as the baseline conditions can differ significantly within and outside the district heating 
area.2 

• We should do research on how information about energy audits/ renovation is spread through 
different social networks including what kind of communication tools are most effective in 
mobilising social networks for this purpose.  

4.3 Policy recommendations: 

• National level policy role out should be preceded by field tests to optimize effect and imbed a field 
test evaluation of the actual role out to capture learning potentials. 

• The legislation governing municipal activities ('kommunalfuldmagten') limits the possibility to 
target efforts at households with greater savings potentials and should therefore be reviewed. 
Alternatively, models should be developed that enable municipalities to cooperative with partners 
that are not bound by this legislation. 

• Households that have a high income and own their home are more likely to invest in energy 
efficiency measures than households that have a low income and rent their home. Policy-makers 
could use these observable household characteristics to account for heterogeneity in policy design, 
e.g. by targeting financial incentives at households with low income, and property owners through 
energy efficiency standards for rented properties. Yet it is still uncertain whether the additional 
cost of targeted policies would outweigh its benefits, suggesting that simpler policy interventions in 
many cases may generate the same effect at lower cost. 

 
 
 

                                                           
2 There are indications that the potential for reduction in energy consumption for single-family houses is larger outside the district heating areas. This 
is possibly related to the regulation of district heating companies ('forsyningsloven'), which both allows and obliges them to help their customers in 
improving household heating efficiency. For example, the utility company FORS in Roskilde offers customers a subscription, whereby FORS 
regularly checks on the individual heating device, among other measures. About half of the costs of the subscription is paid by the customer and the 
other half by FORS. Such an arrangement is not available to homeowners outside the district heating area, which therefore are unlikely to have 
realised the same levels of energy savings. 
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5 Results obtained in WP4 

5.1 WP4 topics covered 

WP4 titled Incentives and policy design focused on energy savings and efficiency achievements through 
policy in households as well as in the industry. WP4 covered topics as: 

• Interaction effects of energy efficiency policies 
• The effect of household characteristics on their energy-efficiency investments 
• Overcoming the hurdle: meeting Danish energy saving requirements by targeting house- hold 

investment behaviour 
• Auctioning revenues to foster energy efficiency: Status quo and future potential within the European 

Emissions Trading System. 
• Energy saving measures - mix of policy instruments under the owner-tenant dilemma 
• Benchmarking as a tool for energy savings in retail markets 
• The impact of energy efficiency measures in an energy system through mathematical modelling: 

the case of Dartmouth College 
• Energy Savings in the Residential Sector in Mexico 

  
Energy efficiency improvements play a key role in achieving global climate targets. The European Union (EU) and 
many other jurisdictions have, therefore, introduced specific targets for energy efficiency improvements on, e.g., 
national and sectoral levels [e.g. European Union, 2018]. An evaluation of the EU’s Energy Efficiency Directive 
(EED) shows that EU Member States have implemented or plan to implement 479 policy instruments in total, 
with the number of instruments ranging from one to 112 on national levels, in order to comply with the EU’s 
energy efficiency target by 2020 [Zygierewicz, 2016]. Energy efficiency policy often means the implementation of 
a policy mix, i.e. a combination of multiple instruments all aiming at the same primary target to increase the 
adoption of energy efficiency measures and to achieve end-use energy savings. In the SAVE-E project we provide 
an overview of the range of energy efficiency policy instruments that policy-makers can choose from and 
second, aim to investigate potential interaction effects among these instruments. Based on a literature review 
we conduct a literature review of energy efficiency policy instruments, including theoretical discussions on policy 
design and empirical evaluations of policy implementation. Based on the literature review, we evaluate each 
instrument’s strengths and weaknesses using the evaluation criteria effectiveness, efficiency and feasibility. The 
effectiveness criterion refers to an instrument’s power to achieve end-use energy savings. When evaluating an 
instrument’s efficiency, we consider its ability to achieve energy savings at least cost. An instrument’s feasibility 
is determined by institutional demands, such as the need for organisational capacity, and governmental 
concerns, such as distributional impacts. For the second part, we also conduct a literature review, specifically 
focusing on research that investigates interaction effects among energy efficiency policy instruments. The 
existing literature on this topic is still small and mostly limited to qualitative, theory-based research. We 
systematically assess the results from Boonekamp [2006], Braathen [2007], Child et al. [2008], Oikonomou et al. 
[2010], Rosenow et al. [2016]. Drawing on this literature, we first define interaction effects, then assess the 
underlying factors that determine interaction effects, and present specific interaction effects among various 
combinations of energy efficiency policies that have been identified so far. 
 
Policy interventions that aim at increasing households’ adoption of energy efficiency measures are usually 
broadly targeted and provide the same incentive for the majority of households. Households are, however, 
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heterogeneous in many respects, and different households underinvest in energy efficiency measures due to 
different under- lying barriers. To address households’ individual barriers to energy efficiency, several studies 
have emphasised the need to design targeted policies that take into account household heterogeneity [Allcott 
and Greenstone, 2012, Gillingham and Palmer, 2014, Allcott et al., 2015]. Directly targeting households that fail 
to adopt profitable mea- sures and, therefore, stand to gain from a policy intervention would ensure effective 
and efficient policy outcomes. Yet, designing policies that take into account household het- erogeneity requires 
the existence of observable variables that reliably explain households’ heterogeneous investment decisions and 
that are easily accessible for policy-makers. Our paper is, to the best of our knowledge, the first paper that 
systematically investigates the existence of such variables and discusses the practicality to design targeted 
energy efficiency policies. To investigate the existence of observable variables that reliably explain households’ 
heterogeneous investment decisions, we conduct a meta-analysis. Our meta-analysis integrates the empirical 
results from 63 publications, with a total of 167 different regression results, that analyse the effect of the 
frequently studied household characteristics income, age of the household head, education, household size, and 
home ownership status on households’ propensity to invest in energy efficiency measures. A meta-analysis 
extracts and aggregates the findings from several empirical studies using statistical methods.  
 
To comply with Article 7 of the EU's Energy Efficiency Directive (EED) adopted in December 2018, Denmark 
needs to implement energy efficiency policy instruments that lead to a cumulative reduction in final energy 
demand of approximately 275~PJ over the period 2021 to 2030. All EU Member States are required to perform 
ex-ante evaluations of policy instruments that are implemented to achieve these savings. Because energy use for 
residential heating represents one quarter of Danish final energy demand, heat savings will likely play a key role 
in meeting Denmark's energy saving requirement.  
Ex-ante evaluation of residential energy efficiency polices that aim at incentivising heat savings, however, is 
difficult. It requires detailed modelling of the effect of policy intervention on households' behaviour with respect 
to heating demand and investments in energy efficiency measures. The latter is of particular interest in this 
paper. Quantitative analyses have shown that households behave as if applying high implicit discount rates in 
their investment decisions for energy efficiency measures [e.g., Corum and O’Neal, 1982, Jaccard and Dennis, 
2006, Burlinson et al., 2018, Train, 1985] and fail to adopt measures that would be privately profitable under 
market conditions. Within energy-economy models, these high implicit discount rates are widely used as a proxy 
to simulate the (slow) adoption of energy efficiency measures in the residential sector and are in this context 
referred to as hurdle rates. We use the IntERACT model, which captures feedback effects between the Danish 
energy system and the Danish economy, to assess the potential for meeting Denmark's energy saving 
requirement by reducing the high discount rate implicit in households' investment decisions through policy 
intervention. The paper specifically focuses on investments in energy efficiency retrofits. We aim at defining a 
reasonable range of hurdle rates applied to investments in energy efficiency retrofits in IntERACT and at 
providing transparency on the role of the level of hurdle rate when simulating households' adoption of energy 
efficiency retrofits; furthermore, at assessing the size of a direct rebound effect, which captures households' 
behaviour with respect to heating demand. Overall, we aim at demonstrating the potential impact of these 
behavioural parameters on the results of ex-ante policy evaluations. We have divided the paper into two 
methodological parts. First, we review the literature with respect to empirical estimates of discount rates 
implicit in households’ investment decisions for energy efficiency measures and consider the impact of policy 
intervention on households’ investment behaviour. We furthermore review and discuss the use of hurdle rates 
in different existing energy-economy models, and specify the levels of hurdles rates that we implement in 
IntERACT based on our literature reviews. 
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Second, we present technical details for IntERACT and implement different hurdle rate scenarios in the model. 
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 the energy system model TIMES-DK and a computable 
general equilibrium (CGE) model of the Danish economy [Andersen et al., 2019]. We specifically focus on where 
in the model hurdle rates apply and how they affect the model’s results. Within the TIMES modelling framework 
[Loulou et al., 2016], we use the option to apply hurdle rates in the form of technology specific discount rates. 
More specifically, hurdle rates are introduced by adding a premium to investments in specific technologies so 
that these investments become less attractive from a cost-minimising perspective. In order to capture the 
effectiveness of energy efficiency policies, we apply different levels of hurdle rates to households’ investments in 
energy efficiency retrofits. Drawing on our literature reviews, we consider a hurdle of 25% as a reasonable upper 
bound for simu-lating households’ behaviour with respect to investments in energy efficiency retrofits in the 
absence of policy interventions. We apply four additional levels equal to 20%, 15%, 10% and 4%, which 
correspond to a positive and increasing effect of energy efficiency policies on households’ investment decisions 
for energy efficiency retrofits. In the IntERACT model, we analyse the effect of these hurdle rate scenarios on 
realised energy savings from energy efficiency retrofits and their contribution to achieve Denmark’s en-ergy 
saving requirement, the size of a direct rebound effect and the economic impact on households in terms of 
disposable income. 
 
Auctioning revenues in the EU’s Emissions Trading System (EU ETS) are an increasing source of income for 
EU Member Sates. This increase is mainly driven by the recent introduction of the Market Stability Reserve 
(MSR), which addresses the current surplus of emission allowances in the EU carbon market and 
consequently increases the price of EU allowances. Indeed, the most recent revenue data reveal that total 
auctioning revenues have increased by around 46% from 2016 to 2017. Total reported revenues in 2017 
amount to 5.09 billion Euros. We propose that strategically investing auctioning revenues in energy 
efficiency programmes would accelerate decarbonisation efforts and yield various benefits that would 
reinforce the EU ETS with respect to its primary objective to reduce greenhouse gas emissions cost 
effectively. The scientific and political discussion on the EU ETS still puts a larger emphasise on the carbon 
price and its ability to incentivise low-carbon investments with less focus on how the revenues generated 
through the auctioning of EU allowances are spent. Our paper aims at encouraging a broader debate on the 
ETS and its ability to reduce greenhouse gas emissions cost effectively, while considering both the carbon 
price and the opportunity to use auctioning revenues strategically. In order to encourage a broader debate 
on the ETS, we assess the potential to strategically invest EU ETS auctioning revenues in energy efficiency 
programmes as an alternative approach to advance the ETS and its ability to reduce greenhouse gas 
emissions. We theoretically discuss the benefits of strategically investing auctioning revenues in energy 
efficiency programmes and analyse data on Member States’ currently realised use of auctioning revenues. 
We furthermore discuss interaction effects among the EU ETS and complementary energy efficiency 
policies, while taking into account the recent introduction of the MSR. In the assessment of the use of 
auctioning revenues, we use the Member States’ offi-cial reporting on the use of auctioning revenues to 
the European Environment Agency’s reporting obligations database.7 Since 2014, Member States are 
required to report annu-ally on the amounts of revenues generated through the auctioning of allowances 
and the use of these revenues, or the equivalent in financial value. We use the Member States’ data 
reported in July 2018, which present the amount and use of auctioning revenues in 2017. Article 10(3) of 
the EU ETS Directive 2003/87/EC recommends that Member States should use at least 50% of auctioning 
revenues or the equivalent in financial value of these revenues for energy- and climate-related purposes. 
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These purposes include the development of renewable energies, measures to increase energy efficiency, 
shift to low emission and public forms of transport, research and development for clean technologies and 
energy efficiency, forestry sequestration in the Union, adaptation to the impacts of climate change, 
coverage of administrative expenses of the management of the ETS scheme, and others. In the official 
reporting on the use of auctioning revenues to the European Environment Agency, Member States have to 
specifically reveal the purpose and type of revenue use for energy- and climate-related programmes. We 
assess these data and complement the assessment by verifying specific energy efficiency programmes and 
the use of auctioning revenues for these programmes where additional information is available. 
 
We analyse the interaction effects of energy saving measures in the light of the the owner-tenant-dilemma. 
We set up a decision making model taking the economic incentives of both owners as well as tenants into 
account. We are aiming at determining the optimal combination of energy saving measures when taking 
the owner-tenant-dilemma into account. We seek to answer the following questions: 

• What is the decision making with respect to energy savings for owners and tenants? 
• Which are the relevant policy instruments with respect to energy saving measures for owners and 

tenants? 
• What are the effects of different energy saving measures in the set-up of owners and tenants? 

 
There exists an energy efficiency gap due to a number of different barriers, which causes a gap between 
the ideal and actual energy savings implemented. The key is to overcome those barriers, limit the energy 
efficiency gap and thus contribute to reaching the energy saving targets necessary for the transition 
towards a green and fossil-free energy system. We have analysed the possibility to overcome those barriers 
and limit the energy efficiency gap in the retail sector. More specifically, we investigate whether 
benchmarking can serve as a tool to overcome these barriers and lead to energy savings in the retail sector. 
This investigation is done on the basis of data (energy consumption, sales area and turnover) from 42 
Danish 7-Eleven shops and with the use of DEA as a benchmarking method. An initial survey of the main 
types of barriers to energy savings are made. From this survey, it becomes clear that benchmarking, with 
reliable energy data available, can be a tool to overcome mainly informative, motivational and behavioural 
barriers to energy savings when the benchmarking results are being distributed to the shops and the 
management as feedback. 
 
Finally, two international aspects have been analysed: Residential energy savings in Mexico and energy 
saving measures to achieve carbon neutrality in the closed system of Darthmouth College.  
 

5.2 Interesting research findings/highlights 

Interaction effects among energy efficiency policy instruments are theoretically defined as the influence of one 
instrument on the energy saving effect of another instrument [Boonekamp, 2006]. An interaction effect can be 
mitigating, neutral or reinforcing. The effect is mitigating, when the energy saving effect of an instrument 
combination is less than the sum of the savings these instruments would achieve stand-alone. The interaction 
effect is neutral, when the energy savings of an instrument combination equal the sum of stand-alone energy 
savings. Thus, the interaction effect is reinforcing, when the energy savings of an instrument combination are 
larger than the sum of stand-alone energy savings. Assessing the existing literature on interaction effects among 
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energy efficiency policy instruments, we identify three main factors that determine whether an instrument 
combination will have a mitigating or reinforcing interaction: (1) the steering mechanism of the combined 
instruments, (2) the scope, and (3) the timing. (1) The instruments’ steering mechanism refers to the type of 
incentive that the instruments provide to energy end-users. The type of incentive could, e.g., be determined by 
the instrument categories as defined in this paper. Depending on the category, an instrument steers the 
behaviour of a target group using different mechanisms. While information provision enables end-users to make 
a more informed investment decision and raises awareness, a financial incentive reduces the upfront cost of 
energy efficiency measures and thereby allows end users with liquidity constraints to adopt these measures. (2) 
The instruments’ scope refers to the overall target to which the instruments pertain. Policy instruments can 
directly target end-users or end-use sectors, such as financial incentives that are specifically provided to 
households, but also products and technologies, such as minimum energy performance standards for certain 
appliances. (3) The instruments’ timing refers to the point in time the instruments are implemented. Instrument 
combinations tend to be mitigating when they apply the same steering mechanism, have the same scope and 
are implemented at the same time, while they tend to be reinforcing when they are different in at least one of 
the three categories. The so far identified interaction effects among policy combinations focus on instruments 
that have the same scope and are implemented at the same time. Thus, the steering mechanism determines the 
interaction outcome. These interaction effects show a systematic pattern. Instrument combinations where one 
instrument enforces a certain energy efficiency target, e.g. regulatory instruments such as minimum energy 
performance standards, are more likely mitigating. Due to the enforcing mechanism of one instrument, a second 
instrument does not achieve additional savings beyond the binding target. Instrument combinations that are 
flexible regarding how the targeted end-users respond to the instruments, e.g. energy taxes and information 
provision, are more likely reinforcing. The flexibility implies that within this combination one instrument does 
not hamper, but strengthens the functionality of the other instrument. 
 
We find with respect to household characteristics, overall, income and home ownership show the clearest 
trends in explaining households’ investment decisions in energy efficiency measures. The findings for income 
and home ownership status are also in line with assumptions from economic theory as we derive from the 
micro-economic investment model. Households that have a high income and own their home are more likely to 
invest in energy efficiency measures than households that have a low income and rent their home. These results 
confirm that access to capital and financial resources play a role in households’ investment decisions for energy 
efficiency measures, and that split incentives constitute a barrier to energy efficiency improvements. Policy-
makers could use these observable household characteristics to account for heterogeneity in policy design, e.g. 
by targeting financial incentives at households with low income, and property owners through energy efficiency 
standards for rented properties. However, the overall magnitude of the trends we find is limited. Furthermore, 
our moderator analysis shows that the variability of the effect sizes across studies can only partially be explained 
by model- and sample-specific information. This result suggests a strong situational component in the effect of 
household characteristics on households’ investment decisions. Thus, a major part of the variability across 
studies exists due to unknown factors. Because of both the limited magnitude of the effects and the strong 
situational component in the effect of household characteristics on households’ investment decisions, we 
conclude that it is questionable whether targeted policy design, when restricted to easily accessible variables, 
may serve as a widely applicable tool. Therefore, it is also uncertain whether the additional cost of targeted 
policies would outweigh its benefits. Simpler policy interventions may in many instances generate the same 
effect at lower cost. Further developments on the identification of target households are therefore necessary 
before targeted energy efficiency policy may be put to practice. 
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We find that reducing the hurdle rate applied to households’ investments in energy efficiency retrofits from 25% 
to 4% would deliver 146 PJ cumulative energy savings over the period 2021 to 2030. These cumulative energy 
savings include a direct rebound effect of 37% and correspond to around half of Denmark’s cumulative energy 
saving requirement of the EED. A lower reduction in the level of hurdle rate to 15%, however, would deliver 
substantially less cumulative energy savings over the period 2021 to 2030, equal to 19 PJ. Thus, the largest 
energy efficiency potential is realised when the hurdle rate reduces to well below 15%. If the policy objective is 
to achieve substantial energy savings, this finding would suggest the need for a broad mix of policy instruments, 
which has the potential to reduce the hurdle rate applied to households’ investments in energy efficiency 
retrofits to a low level. 
With respect to the economic impacts, we find that reducing the hurdle rate from 25% to 4% leads to a 
substantial shift in disposable income across periods. While the disposable income reduces by 0.37 billion Euro 
in 2020, it increases by more than 0.43 billion Euro in 2030. This shift is driven by the model result that in the 4% 
hurdle rate scenario energy efficiency retrofits are realised earlier in time and especially before most retrofitted 
building components have reached their end of life. Thus, the 146 PJ cumulative energy savings, which a 
reduction in the hurdle rate from 25% to 4% would deliver, are to a large extent full cost energy savings as 
opposed to marginal cost savings, which can only be realised by retrofitting building components that have 
reached their end of life. The disposable income increases in 2030 due to the future energy cost saving as a 
result of the realised energy efficiency retrofits. This finding raises the (policy) question whether an early 
realisation of energy efficiency retrofits should be a policy objective, or whether a more gradual approach, which 
relies to a larger extent on marginal cost savings, would be more cost-effective. 
 
We find that strategically investing auctioning revenues in energy efficiency programmes would reinforce the 
ETS and deliver three main benefits. 

1) Additional emission reductions would be achieved at lower economic and societal costs. Strategic 
investments in energy efficiency programmes would help to realise a larger fraction of cost-effective 
emissions reduction potential. A carbon pricing instrument alone cannot unlock this potential due to 
various non-price barriers to energy efficiency. The cost-effective potential would potentially remain 
untapped if not additional funding for energy efficiency is made available. Furthermore, energy 
efficiency improvements reduce the energy bill impact of carbon pricing on energy end-users [Cowart, 
2011] 

2) Energy efficiency improvements lead to a wide range of multiple benefits. Among those benefits are 
improvements in health, comfort, air quality, employment, and economic growth 

3) An increase in the political will and social acceptance, as a result of the previous benefits, would support 
the political process to further tighten the EU ETS cap and enable more ambitious long-term 
decarbonisation targets. 

Our analysis of the Member States’ use of auctioning revenues in 2017 reveals that 55.3% of the total revenues 
are strategically invested in energy- and climate-related purposes, however, no more than 21.4% in energy 
efficiency programmes.9 This finding suggests that Member States are largely not aware of the benefits they 
could achieve. The reported data also show that some of the Member States, specifically Czech Republic and 
Germany, have invested a large share of 2017 auctioning revenues in energy efficiency programmes. Evaluations 
of these programmes [e.g. Diefenbach et al., 2018] confirm the opportunity of strategically investing auctioning 
revenues to deliver energy savings and greenhouse gas emissions reductions, cost savings to consumers, tax 
revenue to the national budgets, employment, and economic growth. 
Critics have frequently argued that national policies, which reduce greenhouse gas emissions in sectors covered 
by the ETS and reduce the demand for EU allowances, would not achieve emission reductions under the cap-
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and-trade system but only reduce the carbon price and the ability of the EU ETS to incentivise low-carbon 
investments [e.g. Baranzini et al., 2017]. However, with the introduction of the MSR, the argued 
‘waterbed effect’ is ‘punctured’ [Perino, 2018]. Complementary policies that reduce the demand for allowances, 
increase the surplus, of which a large proportion will eventually be cancelled from the MSR. Thus, national 
policies can change the number of allowances issued and reduce greenhouse gas emissions under the EU ETS in 
the long run. 
 
Analysing the owner-tenant dilemma revealed that not only most energy saving measures were profitable from 
an overall perspective but also when seeing it from the perspective of both the owner and the tenant. Applying 
policy instruments to enhance the incentives to carry out energy saving initiatives in rented buildings makes 
most sense for larger investments – i.e. for whole buildings rather than single apartments or for investments in 
the entire portfolio of measures, i.e. roof, windows, walls etc.  
 
In the residential sector energy feedback has proven to be an effective way to reduce the energy consumption, 
the question is if this will work as effective in the retail sector as well. We propose a feedback based on the 
benchmarking results that aims at informing and motivating the 7-Eleven shops and management to save energy 
and reach, at least some of, the 28.6 % saving potential estimated from this benchmarking analysis. 
 

5.3 Perspectives for further research and application 

During the work with WP4 the industrial sector has been paid limited attention. However, for particular 
branches and further research within this field should be done.  

5.4 Recommendations for policy adjustment in Denmark 

The variety of analysis carried out in WP4 revealed that generalising the optimal tool from one aspect to 
another is very difficult and that each measure needs special attention and special designed instruments. 
Energy savings in the households needs to be addressed with very up-front and targeted instruments in 
order for the households to engage in energy savings. 
 
Industries are usually assumed to more rational and profit maximising compared to household and 
profitable energy savings would be expected to be undertaken. However, the service industry characterised 
by smaller entities may be less aware of energy saving opportunities and tools as benchmarking is an 
obvious tool to turn attention towards potential savings. 
 
Finally, addressing the energy savings in rented dwelling appears to be a straightforward tool to achieve 
profitable energy savings. As energy savings in the small scale are ex ante profitable financial incentives 
should be targeted large saving investments for entire buildings or for the entire saving portfolio. 
 
 



23 
 
 

6 Results obtained in WP5  
 
The work in WP5 have been carried out in cooperation with WP1 (Morten Brøgger and Kim Wittchen), WP2 
(Alessio Trivella and David Pisinger) and ViegandMaagøe, Danish Energy Association, ProjectZero, Mark 
Jaccard and DTU Management.  

6.1 WP5 topics covered 

Balancing the investment and effort in energy savings with the cost of energy supply and the emissions 
associated with this supply is the key research focus in this WP. 
The WP has covered the following topics: 
  

• Hourly profile variation for electricity savings for different types of household appliances 
• Energy system value of electricity savings and linking demand profiles to Balmorel 
• Analysing methods for constructing consistent cost curves for energy savings across energy types 

and final demand sectors  
• Modelling household investment in efficient electric appliances and behavioural patterns 
• Analysing and modelling residential district heat demand and investment in energy conservation 

under different tariff schemes (Århus district heating case)  
• Modelling industrial energy demand in Balmorel for end-uses and incorporating hourly profiles at 

disaggregated level  
• Analysis of real world cases for industrial energy savings in the Sønderborg area 
• Optimal trade-off between energy efficiency and additional renewable energy production 

 
Energy savings are often analysed and included in models with the annual savings potentials not considering 
the seasonal or hourly distribution of the savings. For electricity and heat especially this may ignore significant 
variation in demand profile and thereby the required capacity investments and even different emissions. 
Therefore we studied/quantified the hourly electricity demand profiles for different appliances over the year 
and investigated differences in impact on total household demand profile from higher efficiency in specific 
types of appliances.   
 
Using examples from appliance savings we modelled the impact on the Danish energy system by linking to 
Balmorel that has the advantage of including a high temporal resolution and very detailed technical 
description of fuel and capacity costs. The objective is to illustrate the variation in system impacts (capacity 
cost and fuel mix) from different types of electricity savings. Potentially some saving types may reduce CO2 
emissions much more than other savings due to the distribution over hours/season for the same amount of 
energy units saved. 
 
Cost curves for savings are constructed at quite different levels and including varying cost elements and 
definitions. We investigated and compared traditional cost concepts used in energy conservation measures 
in buildings, in electric appliances and for industrial end-uses. There is large differences as to how costs are 
calculated as marginal costs associated with additional purchase cost of a more efficient appliance or full 
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costs from a renovation project of an older house. This makes comparison across sectors and end-uses 
difficult.   
 
Household behaviour with regard to invest in more or less efficient appliances when appliances are replaced 
was studied since marginal cost and actual purchase decisions was available in Danish survey data. Especially 
coupling with socioeconomic variables: income, household size, type of dwelling etc. was interesting, but 
also to see if general “green awareness” made an impact on the choice. The choices from such a model could 
then also be compared to a pure cost optimal decision based on socioeconomic costs of supplying electricity.  
 
District heating demand is very important in a Danish context (60% of total heating) and integrated in power 
and heat system. Traditionally district heat was relatively cheap and therefore savings not very profitable in 
building heated by district heat. However, the future system might bring higher heating costs and therefore 
heterogeneity of conditions in the building stock and savings potentials may show that there also in this 
sector are and can become more attractive savings. This heterogeneity and relation to tariff composition was 
illustrated in a study of a large group of individual buildings in Århus district heating area. 
 
Industrial energy demand still include considerable fossil content in Denmark and a detailed representation 
of both the demand and saving potentials is important for comparing options to reduce fossil fuel use. 
Therefore a large effort was put into modelling hourly profile of industrial energy demand, with regard to 
electricity, natural gas and district heat. Specifically the different uses involving natural gas is in focus for 
electrification and savings. Dividing industry in subsectors and characterising by intensity of production could 
be useful for identifying parts of natural gas where electrification is most valuable (least costly) and where 
savings (efficiency investment) could reduce fossil fuel use the most. This modelling activity developed an 
entire new element of demand in the Balmorel model. 
 
For all the studies above the underlying ambition is to provide insight to the trade of between energy 
efficiency investments and supplying more renewable energy. Savings will always be attractive as additional 
energy supply will have costs. This may be the direct energy prices (electricity, heat etc.) or the broader 
system costs of adding more renewables including the support costs covered by the public budgets in 
Denmark. We initially compared to the literature where some studies directly make this comparison but 
mostly at the partial level, just comparing with an average electricity price, or examining system cost on 
average and comparing to a savings cost curve. Very few studies seem to compare including the temporal 
issue or the interaction across energy types in the system. This is where we therefore put the focus in WP5 
of SAVE-E. 
 
The work on the modelling of household appliance investment choices has been carried out in collaboration 
with WP2. For the study of residential heat savings and district heating this has been a collaboration effort 
with WP1.  
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6.2 Interesting research findings/highlights 

We find that profiles for electricity savings can vary substantially and in particular the profile for savings in 
lighting is more attractive than the profile in savings for cold appliances. This implies that the capacity savings 
in electricity production from annual electricity saving in light is much larger than for cold appliances.  
 
From the emissions point of view the marginal emissions in winter time peak hours was supposed to be much 
higher than emissions in summer time. Especially in forward looking scenarios using optimisation of 
investments in Balmorel this is not as pronounced as expected. One important explanation is that import and 
export is so important in a Danish setting, moderating all the emission variation that would occur in a purely 
Danish capacity setting. Additionally the optimisation will have a tendency to include a lot of non-fossil 
capacity in the future leading to much less variation in the fossil content. 
 
Linking appliance efficiency investments to the energy system using Balmorel (Baldini and Trivella, 2018) 
provided detailed insight on the value of investments in energy-efficient (i.e. high- labelled) household 
appliances. In the current Danish residential sector, electricity consumption is mainly related to home 
appliances. Hence, at the moment of replacement, any investment in a more efficient device can reduce the 
residential demand and potentially lead to benefits, both in economic and energy terms. Also, as savings 
relates to the alternative available, there can be actors subject to different conditions (e.g., energy systems 
and end-user) interested in a different level of investments. Our research question is to identify the most 
cost-effective investments in household appliances, quantifying energy and economic savings from an energy 
systems and end-user perspective. 

We consider a set of appliances constituting the majority of the electricity consumption in the Danish private 
household sector (e.g., refrigerator, freezer, dishwasher, washing ma- chine, dryer), and collect data from 
multiple sources and suppliers to determine average characteristics, according to representative energy label 
classes. For the energy systems perspective we use Balmorel, a bottom-up energy systems model that 
optimise the operational and investment aspects of a typical energy system, considering the heat and power 
sector. To evaluate the most cost-effective savings solutions, we extend the model formulation to include 
endogenous investments in energy efficient household appliances, including hourly profiles of energy 
consumption and electricity savings for each measure. A saving investment is deemed attractive if investing 
in improved energy efficiency can compete with the cost of electricity supply from existing or new power 
plants, under different assumptions. To include aspects about private consumer perspective and assess the 
impact of the consumer choices on the energy systems, we develop a method relating the cost-effective 
system and consumer investment decisions, by soft-linking Balmorel with a consumer investment model 
designed for the study. 

The outcomes show different levels and diversified choice of investments among the system and private end-
user approach, highlighting the effect of modelling different perspectives and the factors influencing the 
decision criteria for the two models. In particular, when compared to a business-as-usual energy scenario, 
the results show that an average end- user could enjoy economic benefits in the range of 30-40 and could 
contribute between 0.43 - 0.46 % and 0.48 - 0.51 % to the reduction of Danish energy demand and CO2 
emissions, per year. From an energy systems perspective, the same energy and CO2 emission savings could 
range between 0.38 - 0.49 % and 0.34 - 0.87 % respectively. The analysis also reveals an impact from the 
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optimal investments decisions not only on the Danish power system but also on the surrounding countries, 
highlighting that decision of a single consumer can contribute to the diversification and transformation of 
energy systems. The paper enriches the existing literature about energy efficiency modelling in households, 
quantifying economic and energy savings from an energy systems and private perspective and providing 
insights on the trade-off between investments costs and resulting energy savings. Although the outcomes 
relate to the Danish case study, the methodology proposed can be employed to different countries or 
geographical regions, given the availability of data needed to model the energy systems as well as 
investments in household appliances. 

Examining the household sector investment in energy efficient appliances and related behaviour was 
elaborated by using a survey of appliances in household to further study investment behaviour. 

Elaborating the previous model as it is a simple tool based on linear probability, where investment choices 
are considered as rational decisions based on positive net present value of cash flows, provided additional 
explanations for more diverse investment patterns. Additional factors characterising investment probabilities 
in energy efficient appliances, such as socioeconomic or behavioural was studied. Consequently, on the bases 
of empirical survey data, in (Baldini et. al., 2018), we investigate further on influential factors behind Danish 
consumer choice of energy efficient household appliance, exploring the effect of behavioural aspects, related 
to energy use and savings, on the purchase of the same household appliances. 

To estimate consumer propensities for investment in a new, highest-labelled household appliance, we use a 
logistic regression model over a set of socioeconomic, demographic and behavioural variables, based on 
results of a survey performed by the Danish Energy Agency. Then, we compute a behavioural variable, namely 
energy efficiency index (EE- index), gathering characteristics about consumer energy end-use behaviours. We 
also compute propensity curves, to investigate changes in predicted probabilities for variations in the 
explanatory variables. Based on the outcomes, we identify variables and daily energy end-use actions that 
policy could target, to foster energy efficient behaviours and increase the uptake of EE appliances in the 
residential sector. 

The paper presents methodological and empirical contributions, resulting in useful findings. On the 
methodological side, the contributions of the paper consist of (i) the construction of an EE-index that gathers 
and synthesises a rich set of consumer behavioural characteristics and daily actions regarding energy end-
use and energy savings, and (ii) the integration of such index in a consumer choice model to study the joint 
effect of socioeconomic, demographic, and behavioural variables on consumers energy efficiency investment 
choices. Furthermore, unlike previous studies, (iii) we perform an extensive investigation of a behavioural 
index through correlation matrices and by examining interrelations be- tween its constituent parts. On the 
practical side, we find from our statistical results that socioeconomic and behavioural characteristics are 
highly significant when explaining the choice of purchasing EE appliances. Specifically, income, housing type, 
quantity of inhabitants, age, and end-use behaviour are predictors for choosing energy efficient appliances, 
with EE-index and housing type being the strongest of these predictors while income is weaker. Furthermore, 
the analysis of the EE-index identifies that specific daily actions can be related with investment in efficient 
household appliances. 
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By providing empirical results on the influence of both socioeconomic and behavioural variables on consumer 
choice, the paper narrows the knowledge gap on household energy consumption behaviour and on drivers 
of purchasing high-labelled household appliances. 

Energy conservation measures in a Danish district heating system (Århus) 

In (Baldini et. al., 2019, submitted) we investigate on attractive heat savings options for a sample of buildings, 
in the Danish district heating area of Aarhus. We evaluate cost-effectiveness options from a private end-user 
perspective, by comparing the investments with the cost of heat and we assess the cost-effectiveness of 
energy conservation measures (ECMs) in relation to the energy efficiency of the buildings, in terms of Energy 
Performance Certificates (EPC). Last, we study the effect on exposing the private consumer to different heat 
tariffs, in relation to a potential uptake of energy savings measures. 

Using a building-physics based building stock energy model, and considering individual components in each 
building, we compute costs and values of gross energy saving potentials. To account for possible post-
renovation demand related effects, we also compute net energy saving potentials. We evaluate the cost-
effectiveness based on net present value of cash flows comparing investments with the cost of heat 
consumption. In other scenarios, we analyse changes in the current district heating tariff structure in order 
to make heat-cost components variable and we assess variations in the results according to different discount 
rates. 

We find that total cost-effective potentials account for 9.3% and 1.9% of the current gross and net heat 
demand of the building stock. The low level of investments is in line with the level of heat prices in district 
heating areas, which is among the lowest compared to other options, for instance individual heating sources. 
The results highlight variations in the level of investments according to building characteristics and measures 
types: as expected, buildings with low energy performances (e.g. D-E-F-G) show greater investments 
compared to the others; roofs, external walls and floors are found to be the most attractive measures, while 
windows and mechanical ventilation systems are found to be the least. The results also show relevant 
sensitivity to variations in the values of the discount rates. Last, when all the cost components are made 
variable, we observe a considerable increase in the total cost-effective of investments, with specific ECMs 
distributed un-evenly among building EPCs categories. Investments in buildings with high EPCs are mostly 
linked to the subscription payment; for buildings with low EPCs, most of the investments are related to the 
consumption and capacity components. Although advantageous from a private investor perspective, such 
hypothetical heat-tariff structure can create implications at energy systems scale for the district heating (DH) 
companies. In this relation, we discuss potential implications, ultimately highlighting a synergistic effect 
between energy-savings and DH supply. By providing empirical results on cost- effectiveness of building-
tailored heat saving measures in the residential sector, the paper highlights attractive residential energy 
savings and broadens the knowledge of heat-tariffs influence on energy saving investments. Moreover, the 
results provide indications about the distribution of cost-effective savings among buildings, according to 
given heterogeneous characteristics of the sample considered. 

Modelling industry sector in an energy system model 

In (Wiese and Baldini, 2018) the focus moves from the residential to the industrial sector. In particular in this 
chapter we focus on the industry sector, characterised by a high share of emissions and an intense and 
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diversified energy demand. Changes in the industry sector towards more sustainable alternatives include 
options such as efficiency interventions, fuel substitution, electrification and energy cascading. Due to the 
interdependencies within energy systems, the application of such measures can influence the operation and 
trans- formation of energy systems. We observe that most of the bottom-up energy systems models 
represent and simulate industry in a simplistic way, neglecting the complexity of industrial processes and 
disregarding relevant details such as temperature heat levels, fuel use characteristics and temporal profiles 
of energy consumption (e.g., on an hourly scale). Consequently, analyses based on such models can 
misrepresent the impact of changes in the industry sector and can lead to misleading results, both in terms 
of policy design and energy systems operation and planning. Our research question is to identify structural 
characteristics of the industry sector and, on these bases, design a methodological approach mirroring 
operational aspects of the industrial processes in the framework of an energy systems model. 

We develop the analysis based on a Danish structural case, investigating on details about industrial 
consumption in terms of end-use processes, heat temperature levels, geographical location and temporal 
profiles of energy consumption, and fossil fuel reduction options. To create a benchmark for analyses that 
can focus simultaneously on the impact of changes in the industry (e.g., energy efficiency, electrification, fuel 
substitution) and in the energy sector (e.g., renewables, energy efficiency) on a system wide scale, we 
develop a method reflecting operational details of the industry sector at hourly level and we integrate it in 
the energy systems model Balmorel. 

This work sheds light on particular characteristics of the industry sectors and facilitates detailed studies of 
end-use saving potentials and electrification options. 

In particular, electricity, natural gas and district heating are found to dominate the total industrial energy 
consumption, while the relevance of consumption by end-uses varies ac- cording to the sector considered. 
The process of mapping the industrial energy consumption shows the relevance of the high geographical 
resolution, particularly when dealing with interconnections between commodities (e.g., heat and electricity) 
and end-uses, for instance about potential cases for energy cascading. The temporal profiles presented, 
which were found to vary according to the purposes (e.g., fuel consumption for process or space heat), stress 
the importance of using real data instead of constructed profiles, indicating situations that are particularly 
useful for studies on energy systems, such as drops in energy demand, seasonality of the profiles or weekly 
schedules. In this context, electrification is particularly relevant given its existing potential as it will enhance 
the industrial dependence from electricity use and, consequently, from the electricity generation sources of 
the energy system. The outcomes also show a potential applicability of energy cascading, electrification and 
fuel substitution for industrial processes, engaging elements and technologies interlinked within the energy 
system. 

By providing a methodology with interlinked elements of industrial processes and tailored characteristics, 
the paper narrows the gap on modelling and representation of the industrial sector in bottom-up energy 
systems models. 

Trade-off between investment in energy savings and the cost of additional capacity development has been 
modelled. This provides an addition to the traditional modelling of energy savings as being evaluated against 
a fixed (constant) cost of energy. A literature review on international experiences investigating on the 
potential implementation of energy efficiency improvements (EE) in combination with additional renewable 
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energy supply (RES) in energy systems, focus on the different purposes and models employed internationally 
that can serve as inspiration for Danish modelling. 
 
Analysis of actual cases for industrial energy savings in the Sønderborg area of Denmark 

In the context of ProjectZero, five of the most energy consuming companies in the Sønderborg municipality 
were screened for energy-saving potentials. These consisted of four production facilities, Linak, BHJ Petfood 
& Essentia Protein Solutions, Graasten Salater A/S, Danish Crown in Blans and one hospital, Sønderborg 
Sygehus. In general, the companies had already taken several steps in order to repurpose and reduce the 
consumption of energy and showed willingness to incorporate further energy-reducing initiatives. Prior 
initiatives included replacing existing lighting with LED, balancing ventilation requirements, heat-recovery 
from air-compressors, leakage-detecting in compressed air systems etc. 
The whole potential in flue gas from boilers was in general untapped. This led to projects in two companies. 
One was the installation of economizers on existing boilers, installation of a heat pump to condense the flue 
gas and boost the water-inlet to the boiler. The other being the installation of a heat exchanger to utilize the 
energy from the flue gas in the district heating circuit. For the former, both installing only an economizer 
alone and in combination with a heat pump lead to feasible projects. It was also recommended putting one 
boiler on stand-by due to both boilers operating at a low load setting, and instead using primarily one boiler. 
For the latter, the payback time proved high, due to the cost of establishing a line for the district heating 
from the boiler, and because a planned replacement of the existing boiler was included in the project.  
Additionally, there was potential for replacing chillers and cooling plants with heat pumps, in order to provide 
both cooling and heating, thus displacing heat created from natural gas and district heating. For one 
company, this led to a feasible project, involving the replacement of two chillers by three heat pumps 
covering a varying cooling demand while replacing district heating. For the other company, the potential in 
replacing an ice water chiller with a heat pump in order to provide both cooling and heating for CIP water 
was investigated. Two load settings on the hot side of the heat pump were investigated, where both proved 
feasible. 
Furthermore, the potential in using fluctuating electricity prices by creating and storing cooling water in a 
tank during periods of low cost was investigated. Though this method reduced the overall cost of electricity 
used for cooling, it was not feasible with the relatively low cooling demand of the company concerned.  
Other minor projects investigated included installation of a frequency inverter and high-efficiency motor to 
optimize exhaust fan usage, which proved promising. Another project in which the heating potential in the 
exhaust air from a kettle producing pork rinds was investigated, did not yield useful results. 

6.3 Perspectives for further research and application 

The developed model set-up opens the scope for analysis of specific savings options in industry, where WP5 
has developed the tool but not performed a lot of analysis. Especially a comparison of electrification options 
substituting natural gas, with energy savings (natural gas) may be interesting. 
 
Secondly a comparison of saving options and their profile in contrast to additional storage options that may 
arise in the future is relevant. High system value savings may prove less valuable if electricity storage become 
less costly. 
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(There are indications that some consumer groups with general green attitude/behaviour are also more likely 
to invest in energy efficiency and targeted effort (information, free survey and impact on property labelling) 
may provide better return than for other consumer classes.) If this can be proven a robust result policy design 
may target these groups more directly in the future. 

6.4 Recommendations for policy adjustment in Denmark 

Energy system value of savings should be considered when designing/deciding on which appliance categories 
to target with mandatory requirements (and for EU standards) as well as direct or indirect support to 
investment in efficient appliances. 
 
Savings of emission in electricity generation outside Denmark could be considered as well, but should not 
have the same weight as emission reduction occurring in Denmark. 
 
 

7 Results obtained in WP6 

7.1 WP6 topics covered 

WP6 is dealing with the demand effect of savings efforts and the fundamental relationships on the demand 
side driving efficiency.  The interaction between aggregate macroeconomic development, economic 
structure and energy service prices is in focus.   
The WP covers the following topics: 
 

• Industrial energy demand and econometric analyses of dynamic demand relationships 
• Modelling and analysis of industrial energy savings additionality, rebound and economic interaction 
• Decomposing the final energy savings effect from policies into components related to the technical 

savings, energy conversion efficiency, economic activity and structure and finally factor substitution  
• Analysis of aggregate electricity demand profiles and efficiency of new demand components 

 
The analyses have studied fundamental relationships for economy wide energy demand and economic 
variables and analyses of a particular focus looking at saving potentials in industry with policy scenarios and 
electric vehicle contributions to aggregate demand profile.  
 

7.2 Methods applied and developed/modelling 

In WP6 a combination of modelling studies including application of the IntERACT model and econometric 
studies have been carried out. The econometric work has focused on the time series analysis. 
 
Analysing macroeconomic relationships has been done based on the IntERACT modelling framework and the 
co-operation with the PhD student developing on the IntERACT model and in particular the hybrid model set-
up linking the techno-economic TIMESDK model and a CGE model for Denmark.   
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For the study of overall economic linkages with saving policies in industry a model setup and decomposing 
methodology has been developed to allow directly comparing technical, rebound and substitution effects on 
demand.  
 
Working with the industrial energy demand has involved automatic econometric modelling techniques and 
more standard co-integration formulations. Different methods for analysing time series data have been 
utilized. Time series have both been analysed in a single equation approach, using standard autoregressive 
models, and as a system using vectorised models and cointegration techniques. Furthermore, the above 
methods have been used in an autonomized way, utilizing modern model selection techniques including 
block search algorithms. 

7.3 Interesting research findings/highlights 

 
Energy efficiency development and relationships at macroeconomic and sectoral level: econometric 
analysis of industrial energy demand  
 
 (Framroze Møller, 2017) illustrates the potential for electrification in a number of Danish industries induced 
by changes in the electricity tariffs. This paper contains an econometric analysis of energy demand in trade 
and industry which allows for substitution between electricity and other energy carriers when relative prices 
change. The presence of substitution suggests that energy taxes can be a means of changing the energy input 
mix in a more environmental-friendly direction. For eight subsectors of the Danish economy, time series 
(1966-2011) are modeled by means of partial Cointegrated VARs. Long-run demand relations are identified 
for all subsectors and robust price elasticities are supported in five cases. The results are used in a small 
impulse-response experiment which suggests a potential for taxation to induce substitution of electricity for 
fossil-based energy. 
The impulse-response experiment illustrates the long-run effects on the demand for electricity and other 
energy from raising the price of other energy by 25% while at the same time lowering the price of electricity, 
by 25% in the long run. The experiment can thus be regarded as describing the long-run effects on the energy 
consumption mix of a simple tax reform which implies lower electricity taxes while increased taxation of 
other energy. The assumption of a 25% reduction in electricity prices is inspired by the abolition of the PSO 
tariff, but it should be emphasized that the experiment primarily serves as a "benchmark analysis" quantifying 
the dynamic responses (in particular the long run effects) of taxation. This may nevertheless serve as a point 
of departure for more realistic and applicable analyses, which preferably should split up other energy into its 
subcomponents and accordingly apply different tax rates for each of these. Moreover, budget balancing 
could be imposed, so that the revenues lost from removing taxation on electricity are matched by those 
collected from the extra tax on other energy.  
Starting with Machine- and vehicle manufacturing, the long-run effect is a 10.20% increase in electricity and 
a 13.52% drop in other energy. These effects are driven only by the change in the price of other energy. This 
is due to the fact that, although the level of electricity prices adjusts to both relations, since it does not enter 
the cointegrating relations and since k = 1, it has no short-run or long-run effect on the intensities.For 
Agriculture, Trade and Other services, where exogeneity holds for both pre and pro; the interpretation is also 
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rather straightforward, in that the long-run effect is simply the sum of own- and cross-price elasticities, 
multiplied by 25.22 Hence, the intensities of electricity in Agriculture, Trade and Other services increase by 
8.19%, 8.37% respectively, and 21.47%. For these three subsectors the intensity of other energy drops by 
respectively, 4.85%, 34.68% and 0%. 
For Construction the impulse-response analysis is slightly more complicated due to more involved 
adjustment dynamics of the system. However, concerning the long-run effects (of the 25% long-run changes 
in both prices), the results suggest that for this sector a tax reform could be highly effective. In particular, in 
the long run the intensity of electricity rises by 85.85% while the intensity of other energy drops by as much 
as 101.50%. 
Finally, note that most of the long-run effect is reached within a decade for all five sectors, but also that there 
are differences in the adjustment process. For example, for Agriculture the long-run effect on other energy 
is already reached (roughly) after three years, whereas for Other services, the effect after three years is quite 
different from the corresponding long-run effect, which is reached after roughly 20 years. 
To sum up, the impulse-response results are well-behaved and although there are differences in magni-tudes 
across the subsectors, they suggest that changing relative prices by imposing taxes, can be a means of 
inducing substitution 
 
In (Bjerregaard and Framroze Møller, 2019b) industries were segregated at a detailed level in order to 
optimize tax schemes and/or more effectively monitor energy efficiency across industries. Industries were 
segregated based on how energy intensities respond to price changes in electricity. Furthermore, it was 
found that industries, corresponding to approximately 25% of the total electricity consumption, only react to 
changes in electricity price by adjusting their electricity intensity (i.e. there was no evidence of substitution 
towards other energy sources). Thus, a significant share of electricity consumption is used by industries that 
either use electricity more efficiently in their production when prices are higher and/or industries that are 
willing and able to invest in new and more efficient capital with respect to electricity consumption when 
electricity prices rise.  
We find that 19 industries corresponding to almost 20% of industries' 2012 electricity consumption react to 
price increases in electricity by decreasing intensity of electricity and other energy. Another group 
corresponding to almost 30% of industries' 2012 energy consumption react to increases electricity price only 
by lowering electricity intensity. Furthermore, we found that few industries substitute to other energy 
sources when the electricity price rises.  
 
 
Decomposing efficiency effects of industrial energy saving policy using a macroeconomic model IntERACT 
linked to the energy service technology and end-use potentials  
 
(Andersen KS et. al, 2019b) provide an analysis of the Danish energy saving potential for industry. The paper 
first develops a methodological setup for decomposing savings effects. Then a specific policy scenario 
illustrates the effect of a saving policy of gross 9.3PJ energy in industry up to 2030. 
Ex ante evaluation of energy efficiency policy directed at industry sectors remain largely an unresolved 
challenge. The root of the issue is the demanding task of capturing both the energy efficiency gap, the 
rebound effects and identifying the additionality of policies. This paper assesses the effects of energy 
efficiency policies within industry, a sector often overlooked in the literature. Understood within an economic 
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theoretical framework, the source of the challenge is the simultaneity and interaction between three 
fundamental effects: an activity, a price and a technical effect. This paper demonstrates how the IntERACT 
model, a comprehensive hybrid model approach, makes it possible to capture each effect endogenously, as 
well as accounting for their interactions. Ultimately, the approach makes it possible to model the energy 
efficiency gap, rebound effects and capture the additionality of energy efficiency policy measures. 
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. 
 

 
Figure 1 Decomposition of policy impact from industry energy efficiency scenario in 2030 relative to baseline (Figure 5 
in Andersen KS et. al, 2019b) 
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. 
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Heat savings behaviour and policy implications for welfare analysed using the IntERACT model 
 
Andersen et al 2019a demonstrates how the IntERACT model allows for a comprehensive analysis 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. The 
result is 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 %. 
 

 
Figure 2 Effect on disposable income relative to the baseline scenario (Fig 7 from Andersen et al 2019a) 
 
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. 
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 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.  
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Evidence for effect of labelling policies on choice of appliance model 
 
In (Bjerregaard and Framroze Møller, 2019a) it was established that transparency with regard to energy 
consumption in home appliances significantly changes consumer behaviour when purchasing new products. 
Furthermore, command and control regulation is necessary to decrease the share of the worst performing 
appliances. 
 
Aggregate electricity load profile and observed electric vehicle charging patterns 
 
 (Andersen FM et. al., 2019) illustrate the effects on aggregate electricity load profiles from new demand 
components specifically focusing on electric vehicle and using actual measured data from 2015. The analysis 
is examining the impact of additional future demand based on scenarios for charging location and profile as 
well as composition of electric vehicle stock with respect to efficiency. This shows that electric vehicles will 
charge more evenly distributed on hours in evening and early night than expected from modelling exercises 
analysing impact of dump charging. With the existing Danish load profile the impact from additional 
electricity demand associated with vehicle charging will maintain the late afternoon/early evening peak in 
winter demand. This is the case if the pattern observed with distribution of charging at home and charging 
at fast charge stations continue.     
 

7.4 Perspectives for further research and application 

For evaluation of energy saving policies the IntERACT model developed to decompose effects into those 
happening at the supply side of energy services and those taking place in the industrial production structure 
and factor substitution is a unique tool. By incorporating a lot of detail on the baseline technology, efficiency 
and structural developments additionality of policies as well as synergies of a long range of policies can be 
evaluated. It is possible to avoid double counting energy savings and abatement and to address real 
additionality of the policies. 
This opens for analysis of saving support policies in combination with energy tax adjustments and also allows 
carrying out analysis of the effects on particular subsectors, including production and trade impacts. Also 
interaction between policies on the energy supply side affecting availability of renewable heat/electricity 
supply technologies and the fossil fuel abating effect of energy savings policies on the demand side could be 
investigated.   
 

7.5 Recommendations for policy adjustment in Denmark 

 
Studying price elasticity showed that there is some substitution between energy types in most sectors. This 
means that we to some extent can substitute to more climate-friendly energy. Traditional price based 
regulation (taxes and quotas) for fossil fuels or emissions will work as long as there is still fossil fuels and 
emissions associated with energy consumption in households and industry. 
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Studying EU-labeling of appliances showed that transparency works to promote more energy-efficiency. This 
can be combined with a banning of the worst products gradually tightening minimum standards and making 
these changes very transparent for consumers. 
 
In order to evaluate the macroeconomic consequences of energy efficiency policy a comprehensive 
modelling approach is needed. An approach which should capture both the price, activity and technical effect 
associated with the energy service demand is needed and for the full policy package against a baseline. Just 
comparing direct saving effects of alternative actions without considering energy system impacts or 
economy-wide feedbacks is not sufficient to evaluate policy schemes. The IntERACT modelling framework is 
documented to be able to perform such comparison of broader energy efficiency programmes.  
 
When modelling Energy Efficiency policy (EE) it is important to capture the actual behavior of households 
and firms when it comes to their investment in energy saving measures and energy demand decisions. 
Investment decisions are more important and provide larger impacts than do short-term behavioral 
adjustment, but they also capture some of the available capital in society and this must be taken into account. 
 
Rebound from EE policy in industry is likely small (5-15%) because accounting for investment cost associated 
with energy savings in industry greatly reduces the indirect rebound effect.  
Rebound from EE policy in household are likely more substantial (30-40%), implicating that the net saving 
effect of measures should be estimated taking the rebound into account. 
 
It should be considered to coordinate the broad EE-policy with the overall macroeconomic situation, 
especially when it comes to support involving programmes that may boost activity. Ambitious EE policy may 
have substantial spill-over-effect on the wider macro economy, particular leading to significant increases in 
the activity in the construction sector 
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8 Relating results to the Danish context and suggested 
priorities of saving efforts and policy design  

 

8.1 Relating to the Danish context 

  
Focus in the project has been on Danish issues, conditions and specific modelling but results also include 
more generic findings and analysis not particularly focusing on Denmark. This relate to the findings in WP2 
on the importance of uncertainty of fuel prices and output of industrial facilities including shut-down and 
idle status decisions for the long term investments in capacity and therefore indirectly also energy efficiency. 
The outcome of this work relates to investment decisions in the few large scale energy intensive industries 
as for example, cement (minerals processing) and the brick manufactures.  
It may be a barrier that investing in efficiency now may make it more costly to shut down operation in the 
longer term should fuel prices or output market conditions deteriorate in the future. 
 
Specific parts have dealt with more Danish local conditions for example in Roskilde Municipality and the 
experiment with saving programmes in buildings. This part of the work in WP3 was designed to be able 
extend the results to Denmark and even more general context, but this part of the results are not fully 
available yet.   
WP5 points to the condition that interconnection of the Danish electricity system is very important when 
balancing savings efforts with additional renewable supply. Electricity savings cost reduction in power 
systems depends on the interaction with export and import of electricity as do additional renewable 
generation. In general this moderates the direct impact of capacity savings and emission reduction from 
Danish electricity savings. 
A more clear impact is found when targeting domestic fossil fuel use as natural gas use in residential heating 
or in industrial processes.  
 
For heating networks and buildings it is clear that the importance of heterogeneity of the building stock as 
demonstrated in a municipality as Århus (WP1+WP5) has an implication for a country as Denmark where 60% 
of heating is covered by district heating. It was illustrated that even in district heating networks with relatively 
cheap heating costs there are cost attractive saving option within all categories of buildings. Therefore the 
average indicators of almost no cost-attractive savings in the larger district heating areas neglect the impact 
of heterogeneity, and savings effort should not totally exclude the district heating areas especially as future 
district heating costs could very well increase in Denmark.     
 
Specific results for Denmark cover the possible rebound effects. Rebound from EE policy in industry is likely 
small (5-15%): Accounting for investment cost associated with energy savings in industry greatly reduces the 
rebound effect. Rebound from EE policy in household are likely substantial (30-40%): The rebound effect 
associated household energy efficiency policy may be substantial, suggesting that policy makers should 
consider supplementary demand side measures (such additional energy taxes or behavioral policy measures). 
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8.2 Suggested priorities in the Danish efficiency/saving efforts and policy 
design   

The SAVE-E project have covered all sectors important for energy demand, efficiency and savings except 
transport. Most focus have been on industry and households demand and investment behaviour, with a 
specific coverage of the building stock energy consumption, but also broad policy comparison and economy-
wide effects. The findings point to specific elements and effects to consider when designing policies within 
certain subcategories of these sectors or comparing policy instruments. We bring forward some of these 
suggestions here but also stress that it is important to examine the combined energy, economics and 
environmental impact from the entire system including the costs and fossil fuel impacts of gross energy 
savings.  

Households and buildings 

In the households and buildings sector we have identified specific effects of labels, the importance of 
heterogenous behaviour/saving options in buildings as well as reaction to energy audit support design and 
targeting. 

Studying EU-labeling of appliances showed that transparency works to promote more energy-efficiency and 
it is important that the implementation of labelling all over the retail market continue in Denmark, maybe 
especially informing about the changes and tightening of the label requirements. 
 
For heat savings it is recommended to take behavioural response such as rebound into account when 
examining energy saving potential and for designing initiatives to promote energy savings in buildings.  
Furthermore, the heterogeneous building stock characteristics have shown that a sample based building 
stock model is more flexible than archetype based models, and better suited for evaluating the diversity of 
the buildings stock. 
 
For household savings programmes national level policy role out should be preceded by field tests to optimize 
effect and imbed a field test evaluation of the actual role out to capture learning potentials.  
 
Specifically for local authority engagement an issue with the legislation governing municipal activities 
('kommunalfuldmagten') limits the possibility to target efforts at households with greater savings potentials 
and should therefore be reviewed. Alternatively, models should be developed that enable municipalities to 
cooperate with partners that are not bound by this legislation. 
 
Policy-makers could use these observable household characteristics to account for heterogeneity in policy 
design, e.g. by targeting financial incentives at households with low income, and property owners through 
energy efficiency standards for rented properties. 

The variety of analysis carried out in in the policy instrument area revealed that generalising the optimal tool 
from one aspect to another is very difficult and that each measure needs special attention and special 
designed instruments. Energy savings in the households needs to be addressed with very up-front and 
targeted instruments in order for the households to engage in energy savings. 
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Finally, addressing the energy savings in rented dwelling appears to be a straightforward tool to achieve 
profitable energy savings. As energy savings in the small scale are ex ante profitable financial incentives 
should be targeted large saving investments for entire buildings or for the entire saving portfolio.  

Industry 

For energy efficiency in industry we have provided results on the importance of risk in the investment 
decision of industries, where a combination of risk from future energy costs and commercial activity level 
(operation - shut down) may be a barrier for energy efficiency investments. 

In order to promote investments in energy saving, several public programs provide subsidisation of some 
form by giving a monetary subsidy. One should reflect on whether this is the best way of subsidising 
investments considered that risk is a major limiting factor in the green transition. Perhaps it would be better 
to provide subsidisation in terms of risk covering. In other words, the public program will cover a share of the 
potential loss if the investment does not pay off during a pre-defined time-horizon. Using a shared 
responsibility between company and public will furthermore prevent companies from unrealistic 
investments, but still allay the consequences of failed investments. 

Industries are usually assumed to be more rational and profit maximising compared to households and 
profitable energy savings would be expected to be undertaken. However, the service industry characterised 
by smaller entities may be less aware of energy saving opportunities and methods as benchmarking is an 
obvious tool to turn attention towards potential savings. 

For saving options in industry the highest focus should be on saving in the part of natural gas consumption 
for which it is hard to substitute fuel (electrify), namely the high temperature process purpose. Less weight 
on savings and more on electrification/fuel substitution should be for the electricity consuming processes in 
industry and especially the part of natural gas consumption (low and medium temperature, heating purpose) 
that is easier to electrify/substitute. 

 

Overall system wide balancing of energy savings, costs and renewable/electrification supply options 

Considering the overall balancing of saving efforts the integrated energy system impacts have to be taken 
into account. Results in this area build on modelling studies performed using the broad IntERACT and 
Balmorel demand expanded setup applied in the project. 

The energy system value of savings should be considered along with the direct savings effects and costs when 
designing/deciding on which category of savings options to prioritise in policy design. Saving options in 
electricity demand in industry have for example substantially different fossil fuel impacts and system costs 
than savings in natural gas demand. Furthermore the savings time and season profile have been 
demonstrated to provide very different impacts in especially the electricity generation capacity requirement 
and thereby costs as well as somewhat different emission impacts. 
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Specifically electricity savings should consider the time profile of savings in choosing which appliance 
categories to target with mandatory requirements (and for EU standards) as well as direct or indirect support 
to investment in efficient appliances. 
 
The system effect of savings of emission in electricity generation outside Denmark could be considered as 
well on top of Danish emission savings, but should not have the same weight as emission reduction occurring 
in Denmark.  
 

Economy effects of policies 

In order to evaluate the macroeconomic consequences of energy efficiency policy a comprehensive 
modelling approach is needed. An approach, which captures both the price, activity and technical effect 
associated with the energy service demand change is better than partial analysis of savings in each sector 
separately that often don’t consider the effect on energy service production/converting technology. 
 
A decomposition methodology based on consistent baseline construction for Danish energy demand and 
supply for all energy types, provide the best foundation for comparing the effect of different pathways for 
energy efficiency policies as can be performed similar to the analysis with IntERACT demonstrated with SAVE-
E. Particularly, this quantifies the effects on industry structure and allows combining with compensating 
measures if specific structural or distributional effects are seen as unattractive.  
 
It should be considered if Energy Efficiency policies should be coordinated with the overall macroeconomic 
situation. Ambitious EE policy may have substantial spill-over-effect on the wider macro economy, particular 
leading to significant increases in the activity in the construction sector. 
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