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Abstract 30 
A large majority of energy systems models of smart urban energy systems are modelling 31 
moderate climate with seasonal variations, such as the European ones. The climate in the 32 
tropical region is dominated by very high stable temperatures and high humidity and lacks the 33 
moderate climate's seasonality. Furthermore, the smart energy system models tend to focus on 34 
CO2 emissions only and lack integrated air pollution modelling of other air pollutants. In this 35 
study, an integrated urban energy system for a tropical climate was modelled, including 36 
modelling the interactions between power, cooling, gas, mobility and water desalination 37 
sectors. Five different large scale storages were modelled, too. The developed linear 38 
optimization model further included endogenous decisions about the share of district versus 39 
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individual cooling, implementation of energy efficiency solutions and implementation of 40 
demand response measures in buildings and industry. Six scenarios for the year 2030 were 41 
developed in order to present a stepwise increase in energy system integration in a transition 42 
to a smart urban energy system in Singapore. The economically best performing scenario had 43 
48% lower socio-economic costs, 68% lower CO2e emissions, 15% higher PM emissions and 44 
2% larger primary energy consumption compared to a business-as-usual case. 45 

Key words: air pollution; energy storage modelling; district cooling; smart cities; smart 46 
energy system; tropical climate 47 

Nomenclature 48 
 49 

  Cold production for district cooling (DC) from single phase absorption units, MWhc 50 

  Costs of air pollution emissions, €/kg 51 

 Air pollution intensity of a certain technology or energy within the system 52 

boundaries, kg/MWh   53 

 Binary variable (0 or 1) used for modelling the choice of the refurbishment scenario 54 

   Maximum allowed biomass consumption in the modelled system, MWh 55 

 Production of cold in DC from centralized electric chillers, MWh 56 

  Coefficient of performance of chillers in DC 57 

 Production of cold from individual electric chillers, MWh 58 

 Reduced cooling energy demand due to the increased energy efficiency, MWh 59 

  Total cooling demand, MWh 60 

  Coefficient of performance of individual chillers 61 

  Coefficient of performance of absorbers 62 

   Maximum amount of emissions allowed in the system, ton 63 

   CO2 intensity of a certain technology or energy within the system boundaries, 64 

ton/MWh    65 

   CO2 intensity of a certain technology or energy coming in or out of the system 66 

boundaries, ton/MWh    67 

   Costs of CO2 emissions, €/ton 68 
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  DC demand, MWh 69 

   Discount rate of the technology i, % 70 

   Electricity demand, MWh 71 

 Elasticity of willingness to pay with respect to income 72 

   Electricity demand for electrified part of the transport sector, MWh 73 

   Fixed operating and maintenance costs of energy plants, €/MW 74 

  Reduced electricity demand due to the load shifted in industry or buildings sector, MWh 75 

 Additional demand for electricity due to the shifted load demand, MWh 76 

   Fuel cost of specific energy type, €/MWhfuel 77 

 Gas demand, MWh 78 

   Price of import or export of gas in a specific hour, €/MWh 79 

  Synthetic natural gas production from syngas using gas synthesis, MWh 80 

  Cold production for DC from geothermal waste heat, MWh 81 

   Heating energy content stored in the energy storage, MWh 82 

   Heat demand in district heating grid t, MWh 83 

      Energy technology index 84 

  Individual cooling demand, MWh 85 

   Total investment in technology i, € 86 

 Investment cost of a certain building energy efficiency scenario, € 87 

    Energy technologies that consume fuels and have emissions 88 

   Levelized cost of investment over the energy plant lifetime, €/MW 89 

   Lifetime of the technology i, years 90 

  Marginal external cost of air pollution in Singapore, €/ton 91 

 Marginal external cost in the United Kingdom, €/ton 92 

  Methanol production via synthesis from syngas, MWh 93 

   Gasoline demand, MWh 94 
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   Price of import of gasoline in a specific hour, €/MWh 95 

  Fresh water production from sea water desalination using reverse osmosis, m3 96 

  Hourly production of syngas from solid-oxide electrolysers, MWh 97 

  Hourly production of electricity from solid-oxide fuel cells, MWh 98 

   hour, h 99 

   Variable operating and maintenance costs of energy plants, €/MWh 100 

  Demand for fresh water production from sea desalination via RO, m3 101 

   Capacity variables of energy plants and gas grid, MW 102 

   Generation capacities of energy plants (8,760 variables for each energy plant, representing 103 

the    generation in each hour during the one year), MWh 104 

   Hourly generation of technologies which generate electricity, MWh 105 

  Hourly generation of technologies which generate electricity and are driven by 106 

biomass, MWh 107 

  Hourly generation of technologies which generate electricity and are driven by gas, 108 

MWh 109 

  Hourly generation of technologies which generate electricity and are driven by 110 

other fuel types, or are not fuel-driven (Photovoltaics (PVs) and wind turbines), MWh 111 

  Hourly charge of vehicles battery storage, MWh 112 

  Hourly discharge of electricity of vehicles battery storage, MWh 113 

  Hourly discharge of electricity of vehicles battery storage to the 114 

power grid (vehicle-to-grid (V2G)), MWh 115 

  Hourly charge of electricity grid battery storage, MWh 116 

  Hourly discharge of electricity grid battery storage, MWh 117 

   Hourly charge of heat to the heat storage operated in the DH system t, 118 

MWh 119 

   Hourly discharge of heat from the heat storage operated in the DH system 120 

t, MWh 121 

   Generation of gas after CO2 removal in anaerobic digester, MWh 122 
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  Heat generation needed for absorption chillers; from gas, biomass, waste CHPs, 123 

solar thermal or waste heat from data centres, MWh 124 

   Import or export across the system boundaries of different types of energy (8,760 125 
variables per one type of energy, representing the flow in each hour during the one year), 126 
MWh 127 

  Chosen refurbishment scenario (out of several predefined ones), integer value 128 

 Gross national income per capita at purchasing power parity in Singapore, $ 129 

  Gross national income per capita at purchasing power parity in the United Kingdom, $ 130 

   Efficiency of technology, MWhenergy/MWhfuel 131 

Introduction 132 
Climate change has become one of the most important topics in political discussions among 133 
nations and cities around the world in recent years. Energy production and consumption are 134 
responsible for two-thirds of the world’s greenhouse gas (GHG) emissions, making the energy 135 
sector one of the main contributors to the man-made climate change [1]. In order to tackle that 136 
problem, 195 countries worldwide signed the Paris agreement in 2015 [2]. The countries 137 
committed themselves to increase its efforts to cut CO2e emissions with the aim of keeping 138 
the projected growth in global average temperature below 2oC. An important part of those 139 
efforts is changing local and national energy systems from using fossil fuels towards using 140 
renewable energy sources (RES). Coastal cities are especially vulnerable to the climate 141 
change due to the sea level rise potential, stronger storms and other unexpected weather 142 
events. 143 

Cities will be among the major contributors in this transition process. Today, 54% of the 144 
world’s population lives in cities and the United Nations forecasts that the share is expected to 145 
continuously grow, resulting in 66% of the world’s population being urban in 2050 [3]. Cities 146 
are also facing the challenge of increasing energy consumption per capita, as urban energy use 147 
in the last 25 years has grown more than the urbanisation rate [4]. Cities can therefore easily 148 
become hotspots of air pollution, as they concentrate people, traffic, construction activity and 149 
energy use [5]. The World Health Organisation (WHO) states that more than 80% of the 150 
global urban population is exposed to air quality levels that are below WHO 151 
recommendations [6]. Particularly interesting in this context are cities in tropical climates. 152 
While heating demand accounts for a predominant part of the total energy consumption in 153 
moderate and cold climates, tropical climates are experiencing an ever growing cooling 154 
demand, as they are dominated by humid air and high temperatures throughout the year [7]. It 155 
is therefore important to analyse future energy systems in cities located in tropical climates, 156 
with a special emphasis on residential cooling. 157 

Cooling systems have been the main focus in many research papers. Bruelisauer et al. [7] 158 
analysed thermal properties of heat sinks and their effect on the performance of air-159 
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conditioning systems and showed that the temperature lift is particularly important for the 160 
performance of the overall cooling system in tropical climates like Singapore. With a focus on 161 
district cooling systems, the authors in [8] have emphasised how most of such systems are 162 
oversized, which leads to inefficient operation and overestimated investment costs. They 163 
developed a novel stochastic model for simulating cooling loads and applied it to a residential 164 
district in Wuhan, China. They found that oversimplified occupant behaviour assumptions 165 
caused overestimations of the peak and total cooling load. However, their model did not 166 
include system impacts of cooling loads on the whole energy system. Furthermore, Hoyo 167 
Arce et al. [9] developed a method for fast modelling of district heating and cooling networks, 168 
while a dynamic thermo-hydraulic model for district cooling networks was presented in [10]. 169 
The latter can be used for answering different economic and energy efficiency-related 170 
questions in design and operation of district cooling networks. However, both [9] and [10] 171 
focused solely on the district cooling sector and not on the overall energy system. B.W Ang et 172 
al.  [11] had the tropical and sub-tropical climate conditions as the main focus when they 173 
analysed how outdoor temperature increases affected electricity consumption in Singapore 174 
and Hong Kong. Their results showed that an average increase of 1°C could cause a 3%-5% 175 
growth in total annual electricity consumption, due to increase in space cooling demand. 176 
Finally, Werner [12] provided an overview of the current situation of district heating and 177 
cooling systems in the world. His analysis revealed that around 67% of the global annual 178 
cooling demand came from the Middle East, where the average temperatures were much 179 
higher than in, for example, Europe or the United States. Moreover, he emphasised that future 180 
possibilities for larger-scale implementation of district cooling were promising; however, 181 
strong efforts were needed in order to realise them. 182 

District cooling systems are especially beneficial when they are integrated with the distributed 183 
energy generation technologies, such as wind turbines or solar panels. Synergies between 184 
various energy generation and storage technologies with district heating or cooling networks 185 
can result in lower carbon emission, higher energy efficiency and reliability. While there are 186 
many studies focusing on the system integration in the regions where heating or both space 187 
heating and cooling are needed, the application and performance of district cooling integration 188 
for cooling dominated regions is still rarely investigated. One example of such integration for 189 
a small-scale area, namely a campus in Hong Kong has been carried out in [13]. Designed 190 
distributed energy system showed reduction in primary energy consumption and economic 191 
benefits due to the low operational costs. In [14], Hughes et al. investigated economic 192 
feasibility of combining desalination system with district cooling plants by utilizing waste 193 
heat recovery, demonstrating that the combination of the technologies is more cost effective 194 
than using the technologies independently. Moreover, utilization of intermittent renewable 195 
energy sources in district energy systems in hot-climates with a strong focus on exergetic 196 
analysis of ice storage was examined in [15]. Modelled scenarios included electricity 197 
generation, storage technologies and district cooling systems. However, the other parts of the 198 
energy system like transport sector and water desalination systems were not considered, 199 
revealing the gap in the current literature on smart urban energy systems in a hot climate. 200 
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In order to respond to increasing variability and uncertainty of demand due to the growing 201 
penetration of variable renewable energy technologies, future energy systems require high 202 
degree of system flexibility. Flexibility can be provided by a variety of options such as 203 
interventions in system operation, markets, load, network, storages or through flexible 204 
generation [16]. A significant aspect of load interventions is demand response management 205 
(DSM). DSM has been especially well researched for operation of flexible consumption in 206 
residential sector where it can be used for various appliances, namely washing machines, 207 
dryers, dishwashers and electric hot water heaters [17]. A comprehensive review of DSM in 208 
variety of other sectors was given in  [18]. The review showed considerable potential for 209 
flexibility in industry, commercial as well as households sector. However, the potential of 210 
DSM so far has not been modelled as a part of the overall energy system design.   211 

Another important issue when modelling future energy systems is the inclusion of different 212 
externalities in the total costs of the system. These are mainly environmental costs and 213 
human-health related costs. When including the externalities from the urban energy system 214 
into the energy system modelling, most of the previous studies only took the greenhouse gas 215 
emissions into account. The air pollution was usually ignored [19]. Only a few studies 216 
considered the air pollution control aspects [20]. However, these studies used air pollution 217 
control element as model constraints and did not provide information about the external costs 218 
of the air pollution. Another example is the study in [21], where Zvingilaite investigated 219 
human-health related externalities in an energy system modelling on the case of the Danish 220 
heat and power sectors. The main focus of the study was the energy production-related air 221 
pollution and the results showed that it was cheaper for the society to include externalities in 222 
the initial process of energy system planning than to pay for the resulting damages later. Thus, 223 
there is a research gap in terms of air pollution integrated holistic modelling in urban energy 224 
systems. In this study, the issue of air pollution was tackled by inclusion of the internalized 225 
external costs of the air pollution (NOx, SOx and PM emissions)  in the total socio-economic 226 
cost. 227 

Nevertheless, this paper addresses the interplay between implementing energy efficiency 228 
measures in buildings, district energy share in the total thermal energy demand and renewable 229 
energy supply. The latter interplay was assessed in great detail in [22]; however, the 230 
assessment was carried out for European countries, dominated by distinct seasons throughout 231 
the year. The interplay being assessed in this paper focuses on the tropical climates, 232 
dominated by lack of seasonality in demand, with majority of thermal energy demand being in 233 
the form of cooling demand.  234 

The presented literature review shows that there is a lack of systematic research on cooling 235 
integration into energy systems in hot and humid climates. Smart energy systems [23], 236 
including smart district heating systems, have been the topic of research for many different 237 
use cases, whereas, there is a lack of research on the potential of district cooling integration 238 
with other energy sectors constituting smart energy system. Furthermore, concerning the best 239 
of knowledge of the authors, there is no research dealing with the integration of district 240 
cooling into smart energy systems and future smart energy cities in tropical regions. 241 
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In order to improve the state-of-the art of the energy planning in the tropical climates, this 242 
paper brings the following novelties: 243 

• Integrated, holistic urban energy modelling has been applied to the tropical climate, 244 
dominated by the lack of distinct seasonality, having steady cooling demand, as well as 245 
solar insolation throughout the year. The integrated urban energy systems in this paper 246 
included power, cooling, gas, mobility and water desalination sectors. 247 

• Air pollution has been endogenously modelled and different sources of air pollution have 248 
been tackled. The air pollution costs were internalized in the overall socio-economic costs. 249 

• The interplay between energy supply, district (cooling) energy supply and energy 250 
efficiency has been endogenously modelled, meaning that neither of the shares was 251 
predefined by a modeller.  252 

• Flexible demand of industry and buildings has been also endogenously modelled, having 253 
as a consequence the possibility that the model result selects the optimal mix of solutions 254 
in the complex urban environment. 255 

• A comparison between the energy systems of a city seeking for the self-sustainability and 256 
when it also utilizes the energy from its surroundings has been carried out. 257 

Thus, the aim of this paper is to assess whether the district cooling (DC) adoption in hot and 258 
humid climates is socio-economically feasible on the system scale and whether it can serve as 259 
an integration point for intermittent renewable energy sources. Moreover, the aim of the 260 
developed model is to find the optimal mix between the renewable energy supply, district 261 
cooling and building energy efficiency. Finally, the air pollution and external costs those 262 
emissions are imposing on the society have been calculated and put into the CO2 emissions 263 
agenda perspective. 264 

This paper is organized as follows, in the Methods section, a flow chart of the model is 265 
presented in order to make it clearer what is the model being used here capable of modelling. 266 
Moreover, the most important equations of the optimization model are presented here, while 267 
the complete optimization model is presented in Appendix B. The case study that was used to 268 
represent a hot climate is presented in the Case study and scenario development section. 269 
Further section presents the most important results, showing the interplay between different 270 
energy sectors, primary energy savings, air pollution impact and GHG emissions of different 271 
scenarios. The paper ends with a discussion of the results, outlook of the future research and 272 
main conclusions of this paper. 273 

Methods 274 
The smart energy system was modelled taking electricity, cooling, water desalination, gas and 275 
mobility sectors into account. A linear mixed-integer optimization model was developed 276 
using Gurobi solver and Matlab interface. Integer variables were constrained to binary ones 277 
only.  278 

The optimization model used in this paper is a significantly expanded version of the model 279 
that was previously developed in [24], and expanded in [25]. The model was improved by 280 
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adding endogenous decisions on the share of DC versus individual cooling, selecting energy 281 
efficiency strategy in buildings and implementing DSM in industry and households. It was 282 
further improved by adding N2O and CH4 gases to the CO2, in order to better represent GHG 283 
emissions, and modelling the air pollution. Throughout this paper, N2O, CH4 and CO2 284 
emissions are jointly reported as CO2e emissions. The flow chart of the optimization model 285 
can be seen in Figure 1. This section follows with the explanation of the most important 286 
equations of the optimization model, while the representation of all the equations of the 287 
optimization model can be found in Appendix B. 288 
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 289 

Figure 1. A flow chart of the optimization model used for the energy system planning 290 
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Objective function and variables 291 
The goal of the optimization was to minimize the total socio-economic costs, as shown in eq. 292 
( 1 ). The total socio-economic costs included levelized costs of investment over the lifetime 293 
of the energy plant, storages, smart controls for load shifting and energy refurbishment of 294 
buildings, fixed and variable operating and maintenance (O&M) costs, fuel costs, CO2 costs, 295 
costs of other greenhouse gases (N2O and CH4) and costs of air pollution. CO2e emissions 296 
were calculated using the production methodology, which meant that all the emissions within 297 
the system boundaries were taken into account, no matter whether the products were 298 
consumed locally or exported. The linear mixed integer optimization model developed in this 299 
paper is an updated version of the model presented in [24]. A detailed description of the 300 
variables and the corresponding units can be found in Nomenclature section. Only an excerpt 301 
from the whole model is presented in this section. All the equations of the developed 302 
optimization model can be found in Appendix B. 303 

  

 304 

( 1 ) 305 

As an example, the inequality constraint of the power balance is shown by eq.( 2 ). The 306 
electricity demand could be met by gas combined heat and power plant (CHP), biomass CHP, 307 
waste CHP, photovoltaics (PVs), wind turbines, solid-oxide full cells (SOFC) or from the 308 
battery storage ( 2 ). Additional electricity demand could be imposed from individual electric 309 
chillers, DC electric chillers, pumping needs for geothermal DC, reverse osmosis, electrified 310 
transport or charging the battery storage ( 2 ). 311 

 312 

( 2 ) 313 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

38 
 

One of the implemented environmental constraints in the model was the maximum allowed 314 
CO2e emissions, as shown by eq.( 3 ).  315 

 316 

 317 

( 3 ) 318 

External costs of air pollution 319 
The calculation of regional-specific estimation of the air pollution external costs was based on 320 
data collected from the literature. This simplified approach was suitable since the purpose of 321 
the external costs was primarily to demonstrate their importance for the overall energy system 322 
modelling. For detailed analysis such calculation would require resource intensive impact 323 
pathway approach [26]. The data of energy external costs for Singapore were converted from 324 
the marginal external cost data for the United Kingdom [27], using the value transfer 325 
approach, as shown in eq. ( 4 ).  326 

 327 

( 4 ) 328 

Values for variables  and were obtained from The World Bank data [28] while the 329 

value of 0.32 for  was directly adopted from the research on estimation of the health 330 

impact costs for particle pollution in Singapore [29]. 331 

Case study and scenario development 332 
Singapore was chosen for the case study as it is a country that also represents a city, at a high 333 
level of economic development and suitable for district cooling research, as it is located very 334 
close to the equator.  335 

CO2e emissions factors, capacities of energy facilities, energy demand and the description of 336 
transportation sector can be found in great detail in [30] and [31]. Global warming potential of 337 
CH4 and N20 used in this case study were equivalent to 24 and 298 times CO2, respectively.  338 

Singapore is currently rolling in a carbon tax scheme, which taxes CO2e emissions at fixed 339 
rate. The proposed carbon tax, which is anticipated starting from the year 2019, is estimated 340 
between 10 and 20 SGD [32]. The projected price for the year 2030 used in this study was 35 341 
SGD (21.6 EUR), in line with the expected relative increase of the price of the CO2 allowance 342 
in the European Union [33]. 343 

Air pollution factors that were used in the model are presented in Table 1. 344 
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Table 1. Emissions of air pollutants from different technologies and fuels in the years 2015 345 
and 2030 (references refer to the entire row unless otherwise stated in a specific cell) 346 

 
(g/GJ) 

2015 2030  
Ref 

NOx SOx CH4 N2O PM NOx SOx CH4 N2O PM 

Gas boiler 10-13 0 3 1 0,1 [34] 8-11 0 3 1 0,1 [34] [35] 

Gas CHP 48 0 1,5 1 0,05 [34] 42 0 1,5 1 0,05 [34] [35] 

Biomass boiler 81 1,9 0 0,8 10 [34] 81 1,9 0 0,8 10 [34] [35] 

Biomass CHP 81 1,9 0 0,8 4,82 [34] 81 1,9 0 0,8 4,82 [34] [35] 

Waste CHP 124 0 0,59 1,2 0,29 [34] 30 0 0,59 1,2 0,29 [34] [35] 

Gasoline 187 0 7 18 1,72 [36]  187 0 7 18 1,72 [36]  [37] 

Methanol 29,915 0 0 0 0 6,94 0 0 0 0 [38] 

Marginal external costs for air pollution can be seen in Table 2. Costs differ according to the 347 
pollutant type and source of the pollution. The latter is divided into two groups, stationary 348 
such as energy plants and non-stationary sources such as transport sector. 349 

Table 2. Marginal external costs in Singapore for 2015, point and non-point sources of 350 
pollution €/ton 351 

Air 
pollution 

Sector Low High Medium Ref 

NOX Energy generation (Point) 735 2,943 1,839 [27] 

 Transport (Non-point) 14,708 58,838 36,774 [27]  
SOX Energy generation (Point) 2,762 3,887 3,419 [27]  
 Transport (Non-point) 7,549 11,324 9,933 [39]  
PM Energy generation (Point) 3,977 5,772 5,077 [27]  
 Transport (Non-point) 79,527 115,424 101,572 [27]  
* Adjusting damage cost value over time accounting for 2% uplift is taken into account for the 
implementation of the values in the model [27] 

Different levels of marginal cost values, i.e. low, high and medium were calculated to tackle 352 
the issue of the limitation that arises from different valuation of health and environment. The 353 
valuation is specific to location and culture and therefore it may limit the reliability of the 354 
value transfer approach. For the purpose of this paper, the medium value of marginal external 355 
costs value was selected as the input for the optimization model, in order to follow the 356 
approach that was taken in the previous research [40]. Moreover, in order to check the 357 
extreme cases of the air pollution socio-economic impact, a sensitivity analysis was carried 358 
out with the low and high air pollution cost levels. The results of the sensitivity analysis have 359 
been discussed in the Discussion section. 360 

Both air pollution costs and environmental costs (CO2e emissions) were internalized in the 361 
model. By taking the latter approach, a recommendation from the Oxford Institute for Energy 362 
Studies was followed, claiming that the energy modelling should be technology neutral after 363 
internalizing environmental externalities [41]. 364 

Most of the economic and technical data for the predefined technologies were obtained from 365 
the technology datasheet published by Energinet.dk, the Danish transmission system operator 366 
[42]. Moreover, an overview of the investment costs, as well as fixed and variable operating 367 
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and maintenance costs for most of the technologies predefined in this model can be seen in 368 
[24]. The techno-economic data used for reversible osmosis technology was obtained from 369 
[43]. There are two main absorption chillers technologies, LiBr-water and water-ammonia 370 
ones. A detailed overview of absorption technologies, technical constraints, investment costs 371 
and expected development can be found in [44]. A single effect LiBr-water absorption 372 
technology for DC was assumed in this paper. Assumed thermal COP of those chillers was 373 
0.7, at heat source temperature between 90-95 oC [23]. The typical capacity of a sinle unit 374 
single-effect LiBr-water absorption chillers is 5-7000 kW and it is typically used for cooling 375 
in industry and large-scale district cooling [44]. The investment cost of large scale LiBr-water 376 
absorption chillers used in this study was 120,000 €/MWc [24]. 377 

Scenarios validation 378 
In order to ensure that the model was performing well, the business as usual (BAU) scenario 379 
was validated against the projection of the energy system modelled in EnergyPLAN [31]. The 380 
main indicators of scenario validation are summarized in Table 3. It can be seen that the BAU 381 
scenario can be validated against the EnergyPLAN model.  382 

Table 3. Comparison of the results in the current model and the projections modelled in 383 
EnergyPLAN simulation software for the year 2030 384 

 Projection from the 
reference  [31] (TWh) 

Scenario 1 BAU (TWh) 
(This study) 

Difference 

CO2 emissions 50.7 49.1 3.3% 
PES 223.7 208.3 6.9% 

 385 

A relatively large difference of 6.9% is still tolerable keeping in mind the statistical 386 
uncertainties about the future projections of the BAU scenario. 387 

In order to validate the assumption used to calculate the external costs of the air pollution, the 388 
results for Singapore were validated against the air pollution external costs of a country with 389 
similar population, i.e. Norway. The economic cost due to the health issues caused by air 390 
pollution in Norway was 700 million EUR (calculated from 2010USD) [45]. The negative 391 
externality due to air pollution in Singapore was calculated to be 682 million EUR in the 392 
BAU case and the result can be seen in Table 8. Emissions of CO2e, pollutants and particles 393 
and respective socio economic costs of themHence, the calculated air pollution caused 394 
externality can be considered as validated. 395 

Analysis of the scenarios  396 
The scenarios developed in this paper represent a stepwise integration of renewable energy 397 
based technologies, each step representing a higher degree of systems integration and for the 398 
Scenarios 6 and 7 additional CO2e limitation. Scenarios 2 to 6 were modelled with constrains 399 
for PV and the solar thermal capacity due to the space availability, while only the Scenario 7 400 
was left without such constraints. This was done in order to show the impact of seeking for 401 
self-sustainability within the city (Scenario 2-6) versus utilizing the energy outside from the 402 
city borders (Scenario 7). A detailed representation of scenarios can be seen in Table 4. All 403 
scenarios were developed for the energy system anticipated in the year 2030.  404 
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Table 4. Representation of scenarios according to the implemented technologies or CO2e 405 
emission limitation (all scenarios developed for the year 2030) 406 

Technologies/constraints 
 

Scenario 
1 
BAU 

Scenario 
2 
DC 

Scenario 
3 
DC-PV 

Scenario 
4 
DC-PV-
el.transp. 

Scenario 
5 
DSM-
EnEff 

Scenario 
6 
CO2 

Scenario 
7  
non self-
sufficient 

Transport Electrification a  a  a     
Photovoltaics b  b      d 
District Cooling  

      
SOFC, SOEC, synthetic 
fuels 

   
    

DSM and buildings 
energy efficiency 

    
   

CO2e emissions      
c  c 

a Maximum 10% of gasoline demand shifted to electrified transport (other scenarios did not have an upper limit 407 
on transport electrification rate) 408 
b Maximum installed capacity of PVs equal to 1,000 MW 409 
c CO2e emissions constrained to 13.1 Mt which is equal to 40% reduction of CO2e emissions in 2030 compared 410 
to 1990 level 411 
d PV and solar thermal not constrained. This scenario represents the city that receives a portion of energy, 412 
generated from PVs and solar thermal energy, which are located outside of the city. 413 
 414 
The scenarios were developed in this specific order in order to detect the system impact of 415 
integration of specific energy sector and/or technologies. Furthermore, the developed 416 
optimization model is suitable for analysing complex interactions between different energy 417 
sectors. Specific technologies that integrated different sectors in this case study were: electric 418 
chillers in district cooling, waste heat from power plants as an input for absorption chillers, 419 
reversible osmosis for desalination of water, SOEC and SOFC and vehicles to grid 420 
technology. Furthermore, no less than five different storage technologies were modelled in 421 
this case study, as shown in Table 9. 422 

The scenarios differed according to the combination of introduced energy technologies where 423 
the last two scenarios were additionally constrained with the limitation on CO2e emissions. 424 
The additional CO2e constraint corresponds to the 40% reduction in CO2e emissions 425 
compared to the 1990 level. The latter assumption was implemented in order to assess the 426 
costs of implementing policy similar to that of the European Union, although its 427 
environmental policy is stricter than the current Singapore’s goals.  428 

For each scenario, the impact on energy supply, the economy and the environment was 429 
assessed. The impact on the energy supply was represented as primary energy supply (PES, 430 
equal to the primary energy demand). For the economic indicator, the total annual socio-431 
economic cost of the energy system was calculated. Even though the contribution of 432 
indicators related to job creation is recognised to be beneficial in smart energy systems [46], it 433 
remained out of the scope of this paper. Environmental impact was estimated on the basis of 434 
four different indicators given as emissions of air polluting gases (NOx and SOx), greenhouse 435 
gases (CH4, N2O and CO2, reported as CO2e) and particulate matter (PM) as shown in Table 1. 436 

The model presented here has the capability of modelling all four flexibility sources in the 437 
energy system, i.e. electricity import/export over the system boundaries, power-to-heat and 438 
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power-to-gas, energy storage and demand response in industry and households. However, for 439 
this specific case study electricity import/export was not allowed, due to the current energy 440 
security policy of Singapore. The other three flexibility sources were modelled for this 441 
specific case study. The potential error caused by not implementing the electricity 442 
import/export possibility over the city borders as another source of flexibility was assessed by 443 
carrying out a sensitivity analysis, results of which have been presented and discussed in the 444 
discussion section. 445 

The demand side management was introduced for industry and household sectors. The 446 
variables that were used in the model can be seen in Table 5. The load management factor is 447 
defined as the share of the displaceable power at the overall power demand of a particular 448 
application. The factor includes both technical limitations arising from the process, as well as 449 
technical limitations arising from different uses. 450 

Table 5. Demand side management values for industry and households  451 

Sector 
Load management 
factor (%) 

Max  
duration (h)  

Frequency of the 
activation in a year 

Price 
(EUR/MW) 

Industry 

   Chemical industry [18] 30 4 40 87,318 [47] 

   Petroleum refining  [47] 15 4 n/a 87,318 [47] 

Households 

   Water heater  [18] 25 2 220 20,075 [48] 

   Refrigerator and freezer  [18] 33 2 a 365 15,400 [48] 
a The value is modified according to the assumption that modern appliances are suitable for longer load shifting 
duration than stated in the reference 

The description of energy efficiency measures can be found in [49]. Energy efficiency options 452 
A, B, C and D, that can be found in [49], were predefined in the optimization model and 453 
denoted as energy efficiency options A to D, as shown in Table 6.  Measures are divided into 454 
4 options according to the percentage of resulting electricity savings and costs arising from 455 
the implementation of each option. Table 6 represents the main indicators which were used in 456 
the model to select the best energy efficiency scenario. 457 

Table 6. Indicators of different energy efficiency scenarios for buildings  458 

Energy efficiency 
options 

Electricity savings (%) Capital cost per savings (EUR/MWh) 

A 0 - 

B 4.60% 15.6 

C 22.30% 5.3 

D 28.40% 61.4 

Capital costs were modelled using binary variables denoting existing/non-existing investment. 459 
The latter means that if the model chose to invest in a certain energy efficiency option, the 460 
whole investment amount for the whole year of energy savings would occur in the model. It 461 
was not possible to achieve savings only in certain hours of the year, as majority of the 462 
investment costs for increased energy efficiency are fixed ones.  463 
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Specific constraints for the case of Singapore 464 
There were several specific constraints that were implemented for the case of the city of 465 
Singapore. First, in scenarios 3-6, the PV capacity was constrained to 9,450 MW, which can 466 
be installed on all the rooftops throughout the city [50]. In scenarios 1-6, the solar thermal 467 
capacity was constrained to 1,700 MW, which represents 0.5% of the land area in the city. 468 
Only the last scenario (non self-sufficient) allowed for unconstrained installation of PV and 469 
solar thermal technology. In reality, the latter would mean that those installations would need 470 
to be installed outside of the city borders. However, it was useful scenario for evaluation of 471 
potential socio-economic costs and air pollution when focusing on self-sustainability versus 472 
allowing the energy system of a city to be integrated with the surrounding area.  473 

Geothermal energy was constrained to 400 MWth, as this was the amount of geothermal 474 
potential found in the literature [51]. Waste incineration plant was narrowly constrained so 475 
that it could incinerate only the waste generated in the area. The latter approach led to the 476 
possible capacity of waste CHP plant from 161 MW to 170 MW, with steady operation 477 
throughout the year. 478 

Singapore does not have a potential for significant amounts of sustainable biomass to be 479 
utilized in the CHP plant. Hence, it was assumed that all the biomass that was needed for the 480 
operation of biomass CHP originated from sea algae, increasing the overall cost of the energy 481 
system. 482 

Nevertheless, on average, 200 million gallons a day of desalinated water needed to be 483 
produced via reversible osmosis, in line with the envisaged policy for the year 2030 [52].  484 

Results 485 
This section presents the results and the following analyses of seven different scenarios for 486 
the energy system of Singapore. It is important to note that the evaluation of the air pollution 487 
emissions in this section does not include air pollutant emissions from the industrial energy 488 
consumption, and related internalized external costs of air pollution from the industry. 489 
Furthermore, the total energy consumption in the industrial sector was not optimized inside 490 
the optimization model due to the lack of available data. They were considered to be fixed, 491 
i.e. yearly rise in the industry energy consumption due to the economic growth, is expected to 492 
be cancelled out with the energy efficiency measures that will be undertaken in the industry 493 
[53], keeping primary energy consumption and emissions in the industrial sector flat. The 494 
only assumed change was that by the year 2030 the oil consumption of the industry will be 495 
replaced with natural gas (or liquefied natural gas) consumption. 496 

Primary energy supply displayed in Figure 3 was an important indicator for the energy system 497 
evaluation, as it shows the integration level of RES. Higher RES penetration level is 498 
supported by synergies between different energy sectors, i.e. power system, cooling sector, 499 
gas grid and transport sector. The lowest PES value occurred in Scenario 5 (DSM-EnEff) and 500 
it was 20% lower than the value in the BAU scenario. Fossil fuel supply was the lowest in 501 
scenarios 6 and 7, in which it represented 34% and 30% of the total primary energy supply, 502 
respectively. 503 
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Several issues concerning the Figure 3 need to be clarified. First, one can note that scenarios 504 
2-5 have stepwise reductions in PES compared to the BAU scenario. There were several 505 
reasons for those energy savings. First, district cooling helped utilizing waste heat from waste 506 
incineration, biomass and gas CHP plants. Second, electrification of the transport significantly 507 
increased its efficiency as electric vehicles have approximately three times better efficiency 508 
compared to the gasoline vehicles [54]. Third, energy efficiency scenario C from Table 6, 509 
adopted in scenarios 5-7, reduced cooling energy demand for 22.3%, which can be seen in 510 
Figure 2.  511 

 512 

Figure 2. District cooling versus individual cooling share in different scenarios 513 

It can be further noted from Figure 3 that in scenarios 6 and 7, although they have the lowest 514 
fossil fuel supply, their PES is higher than in other scenarios. In scenario 6, the main reason is 515 
that due to the CO2e constraint, 64% of final energy demand for electricity was met from 516 
biomass CHPs, which had lower electrical efficiency compared to the gas CHPs,  29% 517 
compared to 50%. The latter caused larger demand for PES. In scenario 7, one part of 518 
increased PES originated from the higher biomass demand than in scenario 1-5, as 11% of 519 
final electricity demand is met by biomass CHP. More important reason is that the scenario 7 520 
had the largest share of DC out of all scenarios, as 98% of the total cooling demand was met 521 
by DC, which can be seen from Figure 2. DC mostly utilized low grade heat via absorber 522 
units, and most of this heat was generated by solar thermal units. Although this renewable 523 
heat is cheap from the socio-economic point of view, absorption units had COP of only 0.7 524 
and thus, the demand for PES was relatively high. On the other hand, meeting cooling energy 525 
demand via individual cooling in other scenarios was met by individual electric chillers with 526 
COP value of 3. As in scenarios 2-5 most of electricity was generated by gas CHPs with 527 
electrical efficiency of 50%, the resulting PES was lower than in scenario 7. Moreover, PES 528 
in scenario 7 was only 2.4% larger than in BAU scenario.  529 
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It is interesting to observe the optimal shares of district cooling, one of the endogenous 530 
decisions of the optimization model in Figure 2. The optimal share of DC in scenarios 2-5 was 531 
between 37% and 47%. As some of the constraints imposed in the model were capacities of 532 
solar thermal and geothermal energy, due to the space availability and geothermal potential, 533 
there was not enough of cheap heat available in the system. Hence, for the part of the cooling 534 
demand that could not be satisfied via available cheap heat from geothermal, solar thermal or 535 
CHP plants and absorption units, it was more efficient to satisfy the cooling demand using 536 
electricity driven individual chillers with COP value of 3. Only in the last two scenarios DC 537 
shares increased significantly, to 76% and 98%, respectively. For the scenario 6, the reason 538 
was that there was more available heat from biomass CHP units, which were erected instead 539 
of gas CHPs, in order to meet the tight CO2e constraint. As biomass CHP had lower electrical 540 
efficiency compared to the gas CHPs, consequently it generated more heat per unit of 541 
electricity generated than the gas CHP. In the Scenario 7, as there was no constraint on the 542 
capacity of solar thermal capacity, this was the cheapest option to produce heat which fed 543 
absorption units to produce cold for meeting cooling energy demand. 544 

 545 

Figure 3. Primary energy supply by fuel (63.4 TWh of oil supply in scenarios 1 to 5 belongs 546 
to industry, which was not optimized within the model. 63.4 TWh of gas supply in scenarios 6 547 

and 7 belongs to industry sector) 548 

It is interesting to observe changes in electricity generation in different scenarios according to 549 
the share of the specific generation source as shown in Figure 4 and according to the real 550 
values of the generated electricity as shown in Table 7. Constraints imposed on the CO2e 551 
emissions in Scenario 6 (CO2 scenario) resulted in biomass substituting natural gas for energy 552 
production. The latter resulted in the biomass CHP share in electricity generation of 64% in 553 
Scenario 6 (CO2 scenario). As Singapore had no sustainable biomass sources, all the biomass 554 
originated from sea algae production making the energy system more expensive. In scenario 555 
7, the one which did not have a cap on PV capacity, it was shown that it is optimal to meet a 556 
significant 80% of final electricity demand by photovoltaics. Two main reasons are that it 557 
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correlates the cooling energy demand, as well as the steady solar irradiation throughout the 558 
whole year as Singapore does not have distinct seasons during the year. Scenario 7 also had 559 
434 MW of installed SOFC, as well as 1,826 MW of SOEC, which served as a source of 560 
flexibility in the system with a large share of PV electricity generation. Furthermore, another 561 
technology that fostered integration of significant share of PV generation in the system was 562 
centralized electric chillers, used for district cooling supply. In scenario 7, absorbers in DC 563 
system had the capacity of 11,187 MW, while centralized electric chillers had the capacity of 564 
1,258 MWth (COP=5).  565 

  566 

Figure 4. Shares of electricity generation sources by type 567 

Table 7. Mix of electricity generation sources (TWh) 568 

 

Scenario 
1 
BAU 

Scenario 2 
DC 

Scenario 3 
DC-PV 

Scenario 4 
DC-PV-
el.transp. 

Scenario 5 
DSM-
EnEff 

Scenario 6 
CO2 

Scenario 7  
non self-
sufficient 

Waste CHP 
 

1.41 1.49 1.49 1.49 1.49 1.49 1.41 

Gas CHP 
 

55.48 41.15 31.01 37.42 32.10 0.02 0.47 

Biomass 
CHP 
 

0.33 0.35 0.64 1.09 1.04 25.23 3.81 

PVs 
 

1.39 1.39 13.04 13.11 13.10 12.99 29.54 

SOFC 
 

0.00 0.00 0.00 0.00 0.00 0.00 1.50 

Total 58.62 44.38 46.19 53.11 47.73 39.74 36.74 
 569 
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In Table 8, selected emissions are summarized indicating that higher share of DC, RES and 570 
the integration of different sectors resulted in lower CO2e emissions. It is worth noting here 571 
that 13.1 Mt of CO2e emissions, out of the total reported emissions in Table 8, originated from 572 
the industrial consumption, which was not optimized inside the model. Opposite to this 573 
declining trend for CO2 emissions, air pollution trend was not so straightforward and its 574 
values varied across different scenarios. The scenario with a constraint on CO2e emissions 575 
(CO2 scenario) had PM emissions 7.4 times higher than in the BAU scenario. NOx emissions 576 
followed declining trend except in the case where CO2e was limited.  577 

It can be further noted from Table 8 that although air pollution emissions in Scenario 6 were 578 
much larger than in scenarios 1 to 3, the resulting socio-economic cost was much lower. The 579 
reason is that the majority of the air pollution emissions in Scenario 6 originated from 580 
biomass CHP plants, which represented the point-source pollutant, which can be better 581 
handled than the non-point source pollutants. On the other hand, in scenarios 1 to 3, the 582 
majority of emissions originated from gasoline use in vehicles, which represent the non-point 583 
source of pollution, for which health externalities are much costlier than for the point source 584 
pollutants. 585 

Table 8. Emissions of CO2e, pollutants and particles and respective socio economic costs of 586 
them 587 

 Scenario 
1 
BAU 

Scenario 
2 
DC 

Scenario 
3 
DC-PV 

Scenario 
4 
DC-PV-
el.transp. 

Scenario 
5 
DSM-
EnEff 

Scenario 
6 
CO2 

Scenario 
7  
non self-
sufficient 

NOx (t) 
 

34,957 30,676 27,902 13,245 11,571 26,177 4,612 

SOx (kg) 
 

7,874 8,311 15,168 25,755 24,542 595,024 89,864 

PM (kg) 
 

204,358 200,651 214,396 86,778 81,651 1,517,194 234,308 

CO2e  
(Mt) 

44 38 34 29 27 14 14 

Socio-
economic 
cost: air 
pollution 
(mil €) 

682 674 669 31 27 63 10 

Socio-
economic 
cost: CO2e 
emissions 
(mil €) 

910 787 700 614 568 292 294 
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 588 

 589 

Figure 5. The total socio-economic costs in different scenarios 590 

The total socio-economic costs of Scenarios 2-7 were 16% to 48% lower than in the BAU 591 
scenario as shown in Figure 5. Scenario 6 (CO2 scenario) did not follow the same decreasing 592 
trend and it had costs higher than Scenario 4 (DC-PV-el.transp.) and Scenario 5 (DSM-593 
EnEff),  still 37% lower than BAU scenario. The increased costs in Scenario 6, compared to 594 
the scenarios 4 and 5, showed that tight constraints on the CO2e emissions can result in a 595 
slightly higher socio-cost, although the carbon tax was already accounted for in the reported 596 
socio-economic costs. On the other hand, Scenario 7 shows that not seeking for self-597 
sustainability of cities, but rather also utilizing the resources from the surroundings, can bring 598 
the costs down, in line with the increase in the penetration of renewable energy sources and 599 
decreased carbon and air pollution emissions. 600 

 601 
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 602 

 603 

Figure 6. Hourly electricity generation mix in DSM-EnEff  (Scenario 5) from the 07th to the 604 
9th of July 605 

Figure 6 represents hourly electricity generation mix on the chosen days in Scenario 5 (DSM-606 
EnEff). One can note that the shifted load (Flexible demand utilized industry and Flexible 607 
demand utilized households) occurred just before the peak PV generation. Although usually 608 
the role of DSM is to reduce the peak demand, in this case peak demand was actually 609 
increased due to the flexible demand. The reason was that the peak demand closely matched 610 
the increased PV generation. Waste CHP had constant generation due to the constraints of 611 
consuming all the supplied waste. Outside the PV generation periods, most of the demand was 612 
met by gas CHPs.  613 

Usage of different storages 614 
 615 

Different storage solutions were modelled and the optimal capacities of different storage types 616 
is shown in Table 9. The detailed hourly operation of different storage types can be found in 617 
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Appendix A. 618 

Table 9. Total capacities of different storage types (GWh) 619 

 

Scenario 
1 BAU 

Scenari
o 2 DC 

Scenario 
3 DC-PV 

Scenario 
4 
DC-PV- 
el.transp. 

Scenario 
5 DSM-
EnEff 

Scenari
o 6 
CO2 

Scenario 
7  
non 
self-
sufficien
t 

Pit Thermal 
Energy Storage 
(PTES) 
 

0 153 297 163 151 96 492 

Grid battery 
storage 
 

5.9 0 0 0 0 0 20.6 

Syngas 
storage 
 

0 0 0 0 0 0 222.7 

Gas storage 
 

7.2 0 24.8 21.8 20.9 0 0 

EV battery 
 

1.0 1.5 4.9 15.1 15.0 14.9 23.3 

 620 

In the DC sector, PTES storage was used and it stored heat at 95 0C, before utilizing it in 621 
absorption units. It was more efficient, more energy dense (lower space demand) and cheaper 622 
solution than using cold (ice) storage which would store the cold generated in the absorption 623 
units. Grid battery storage was only needed in the BAU scenario, where no DC was 624 
implemented and in the Scenario 7 (non self-sufficient), in which the share of intermittent PV 625 
generation reached 80% of the final electricity demand. The largest capacity of PTES storage 626 
occurred in the Scenario 7, the one with the largest installed capacity of solar thermal. 627 

Syngas (hydrogen) storage, together with SOFC and SOEC only occurred in the Scenario 7, 628 
as it increased the flexibility in the energy system with large share of electricity demand met 629 
by variable renewable energy generation.  630 

Gas storage started to be feasible in scenarios that had significant share of installed PV 631 
capacity, as in those scenarios gas CHP units needed to operate more flexibly, due to the 632 
larger share of variable PV generation. In scenarios 6 and 7, gas storage was not feasible as 633 
the gas demand was very low.  634 

Finally, one can note that together with the electrification of the transport sector, there is an 635 
important role of EV batteries, not only for the vehicles, but for the grid flexibility, too, as 636 
vehicle-to-grid possibility was utilized in scenarios 4-7. The discharge of batteries to the 637 
distribution grid amounted to 3.3% of the total EV batteries utilization in scenarios 4 and 5, 638 
1.1% in Scenario 6 and 15.5% in Scenario 7. The discharge of batteries to the grid in scenario 639 
1-3 was 7.8%, 23.6% and 129.3% of the total electricity demand in the transport sector in 640 
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those scenarios. Relatively large vehicle-to-grid utilization in the Scenario 3 was caused by 641 
large share of PV variable generation and still not widely electrified transport sector (only 642 
10% of transport sector was electrified in the Scenario 3). 643 

Although the installed capacity of EV batteries in absolute terms in scenarios 1-3 was much 644 
lower than in scenarios 4-7, its relative utilization was much larger. 645 

It can be seen that the significant share of variable PV generation in Scenario 7 was absorbed 646 
by the combination of increased size of thermal energy storage, demand side management of 647 
industry and buildings, hydrogen technology (SOFC, SOEC and syngas storage), grid battery 648 
storage and increased vehicle-to-grid utilization of EV batteries.  649 

Discussion 650 
 651 

The main goal of this paper was to assess whether district cooling adoption in hot and humid 652 
climates would be socio-economically feasible at the system scale and whether it could serve 653 
to integrate more intermittent renewable energy sources than in the business as usual case. 654 
Another aim of the developed model was to find the optimal mix between the renewable 655 
energy supply, district cooling and building energy efficiency. Both of the goals were 656 
successfully achieved by integrating district cooling, along with other flexible technologies, 657 
into the smart energy system. In all the scenarios (2-7) in which district cooling penetration 658 
was between 37% and 98%. The DC share was the largest in the Scenario 7, in which the 659 
cheap thermal energy from solar thermal was unconstrained in capacity, as well as the 660 
capacity of variable PV generation in the power sector. DC was important integration step as 661 
it utilized heat available from waste, gas and biomass CHP units, geothermal and solar 662 
thermal energy. 663 

Comparing scenarios 2-7 with scenario 1 (BAU), one can note that significant PES savings 664 
were achieved by the integration of DC. The reason was that DC was able to utilize waste 665 
heat from gas and biomass CHP plants. Furthermore, a large capacity of the thermal energy 666 
storage, which is cheaper than battery storage, was the reason why it was easier to integrate a 667 
large share of variable renewables into the energy system. Having thermal energy storage in 668 
the energy system allows for more subtle ramp ups and downs of CHP plants in the time when 669 
PVs fulfil large share of electricity demand. Moreover, a large share of waste heat from waste 670 
incineration plants, which cannot be operated in a flexible manner [45], was also successfully 671 
integrated utilizing the DC system and thermal energy storage. 672 

Other technologies that improved the flexibility of the energy system were reverse osmosis 673 
(RO) technology, V2G possibility, SOFC and SOEC coupled with the syngas storage, as well 674 
as load shifting possibilities (flexible demand) in industry and households. In the first three 675 
scenarios, an overcapacity of RO technology ranged from 2.1% to 4.6%. In the scenarios 4 to 676 
6, the overcapacities were 9.5%, 8.1% and 5.8%, respectively. In the Scenario 7, the RO 677 
overcapacity was 0.1%, as other flexibility sources proved to be more economically 678 
beneficial. As RO technology consumes around 3.5 kWhe/m

3 of desalinated water produced, 679 
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resulting overcapacities introduced a significant flexibility in the energy system. When low 680 
marginal cost electricity was abundant, excess RO operation could consume more electricity, 681 
and correspondingly produce more desalinated water than needed in a specific hour. On the 682 
other hand, when marginal electricity price was expensive, RO could operate with lower 683 
capacity and consume already stored desalinated water. 684 

SOEC and SOFC technologies (along with the syngas storage) were utilized in the Scenario 7, 685 
the scenario with the lowest overall socio-economic cost and the largest share of variable PV 686 
generation. The installed capacities of SOEC and SOFC were 1,826 and 434 MW, 687 
respectively. Both of those technologies introduced flexibility to the system as SOEC can be 688 
started when there is excess electricity supply in the system while SOFC can be utilized when 689 
there is a lack of power supply in the energy system. Although round trip electrical efficiency 690 
(power-to-gas-to-power) here was around 50%, one part of the heat energy can be recovered 691 
from SOFC and used in absorption units for the DC system, increasing the overall energy 692 
efficiency of those technologies. 693 

The V2G possibility existed in all the scenarios, although large electrification of the transport 694 
sector occurred only in scenarios 4-6. In all the scenarios smart charge was anticipated, with 695 
the possibility of electric vehicles feeding the energy stored in their batteries back to the 696 
power grid when they were not utilized in the traffic. The most significant relative use of V2G 697 
possibility occurred in Scenario 3, the one with the large capacity of variable renewable 698 
energy generation and relatively small share of electrified transport. V2G use was also very 699 
frequent in the Scenario 7, the one in which both variable renewable energy generation and 700 
electrified transport reached very high levels. 701 

Load shifting was utilized in scenarios 5, 6 and 7, the only scenarios where the load shifting 702 
was allowed. The load shifting in industry was utilized at 9% and 6% and 11% of the 703 
maximum potential in scenarios 5-7, respectively. In the households sector, it was utilized 704 
5%, 3% and 6% in scenarios 5-7, respectively. However, it is very interesting to note that the 705 
load shifting in the case study in this paper actually increased the peak electricity demand. 706 
However, those peak demands correlated with the peak PV generation, meaning that the 707 
marginal costs of electricity production were still lower than in the case without utilizing the 708 
load shifting possibility. On the other hand, it is important to note that the congestion in 709 
distribution grid was not modelled here, which could curb the possibility to increase peak 710 
electricity demand even more. 711 

One can also note from the different storage capacities that the smart energy system seeks for 712 
integration of different storage types and there is not a winner-takes-it-all solution. However, 713 
it is indeed interesting to note that the optimal size of the PTES thermal energy storage was 714 
much larger than the battery storage in all the scenarios, except the BAU scenario that had no 715 
DC at all. Other important finding is that the optimal battery storage capacity of electric 716 
vehicles was much larger than the grid battery storage, in scenarios where the electrification 717 
of the transport sector occurred.  718 

The air pollution, measured in terms of NOx, SOx and PM emissions, was much lower in 719 
scenarios 2-5 (except SOx emission in scenario 3) compared to the BAU scenario. The latter 720 
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was the consequence of significantly lower gas consumption due to increased energy 721 
efficiency within the system, as well as due to the electrification of the transport sector. 722 
However, in Scenario 6, in which CO2e emissions were significantly constrained, biomass 723 
demand significantly increased. The latter caused a much larger air pollution than in the 724 
Scenario 4, showing that the sole focus on CO2e emissions can worsen the air pollution issue. 725 
In Scenario 7, the large share of PV and solar thermal technologies resulted in much lower 726 
biomass demand than in the Scenario 6, significantly reducing the air pollution emissions. 727 
When discussing about the internalization of the negative health externalities, one should note 728 
that the air pollution costs were approximately 26 times larger in scenarios 1-3 than the mean 729 
of air pollution costs in scenarios 4-7. The latter shows that the non-point sources of air 730 
pollution, such as gasoline driven vehicles, have much larger negative externalities compared 731 
to the point source polluting generators.  732 

Two different sensitivity analyses were carried out; the one on internalization of air pollution 733 
costs and the other on the consequences of the exclusion of import/export power capacity. As 734 
presented in Table 2, three different air pollution cost levels were calculated from the 735 
presented literature. As the middle cost rate was used in this paper, the sensitivity analysis 736 
was carried out by adopting low and high cost levels in Scenario 6. Implementing low and 737 
high air pollution cost levels did not have significant influence on the optimal technology mix 738 
in the energy system. However, it did have the influence on the total socio-economic costs of 739 
the energy system. Assuming low and high air pollution cost levels resulted in a total air 740 
pollution cost of 29 million € and 95 million €, respectively, compared to the 63 million € 741 
when middle cost rate was adopted. The latter resulted in a total socio-economic cost 742 
difference of energy system of ±1%, when using low and high air pollution cost levels. Thus, 743 
although adopting different air pollution cost levels can have significant influence on the total 744 
air pollution costs itself, the resulting difference in the total socio-economic costs of the 745 
energy system is much less pronounced.  746 

Allowing import/export of electricity over the city borders was the other sensitivity analysis 747 
that was carried out. Up to 1,650 MW of transmission capacity over the system boundaries 748 
was allowed in the system, following the potential future development of the ASEAN power 749 
grid [55]. The sensitivity analysis showed that the maximum possible transmission capacity 750 
would be invested in. Based on the runs for the Scenario 5, the total socio-economic costs 751 
would be lower 0.1%, capital costs would reduce for 0.6% while the total operating costs 752 
would increase for 0.4%. The analysis of the technology portfolio revealed that the 753 
import/export transmission capacity halved the needed capacity for the large-scale gas 754 
storage. It had further caused a significant decrease in the overcapacity of the reversible 755 
osmosis. The latter shows that the four flexibility possibilities presented in this paper can 756 
mutually compete and one must carefully optimize the energy system in order to avoid 757 
inefficiencies and suboptimal solutions. Capacities of other technologies changed only 758 
marginally compared to the original Scenario 5. 759 

Hourly operation of five different large scale storages (Appendix A) showed that none of the 760 
storages was utilized in a steady, intra-day pattern. The latter shows that one should be 761 
especially careful when decomposing the model using typical days, weeks or time slices in 762 
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general. Case study developed in this paper shows that using typical time slices cannot 763 
realistically model different storages in an optimal way, as they do not have regular charging 764 
and discharging patterns in a complex system like the one modelled in this paper. The latter 765 
finding can be observed by following the hourly patterns of storage charging and discharging, 766 
presented in the Appendix A. 767 

Predefined technologies that were not economically feasible in the modelled energy system 768 
were, wind energy, waste heat from data centres coupled with heat pumps and natural gas and 769 
methanol synthesis from syngas.  770 

Wind energy does not have suitable locations in Singapore in terms of wind speed, while 771 
waste heat from data centres coupled with heat pumps were prohibitively expensive 772 
considering the need for raising the very low temperature level of the waste heat (40 oC) to 95 773 
oC and then utilizing it in absorption chillers with COP value of 0.7. Both natural gas and 774 
methanol synthesis options were not feasible enough (also including losses during syngas 775 
production and the final energy conversions of either synthetic natural gas or methanol) to be 776 
utilized in the system, compared to other available technologies such as electrified transport 777 
and biomass CHPs coupled with sea algae production. 778 

In comparison with other studies that can be found in the literature, scenarios 2-5 showed 779 
similar DC penetration levels as the one anticipated for Dubai. In Dubai, with air conditioning 780 
responsible for 70% of final electricity demand, the city aims to meet 40 per cent of its 781 
cooling needs through district cooling by 2030 [56]. In [57], it has been emphasized that the 782 
DC should first and foremost utilize natural cooling of rivers or sea, as well as the heat 783 
available from nature, such as geothermal energy. The former was not possible to be utilized 784 
in Singapore, due to the lack of any significant temperature difference of the air, ground or 785 
sea [7], while the latter was confirmed in the case of Singapore, as the maximum potential of 786 
geothermal energy was utilized in scenarios 2-7. As shown in the literature, smart energy 787 
systems were not researched in the tropical climate so far. However, they have been well 788 
researched for the colder regions. In [58], for the smart energy system in 2050, 50% of heat 789 
demand has been met by district heating, most of the transport sector has been electrified and 790 
energy efficiency of buildings has increased by 50%. Scenarios 2-5 from this paper showed 791 
similar district energy penetration levels, while energy efficiency in buildings reduced the 792 
cooling demand for 22.3% in scenarios 5-7. Majority of the transport sector in the city of 793 
Singapore was electrified, up to 98% in scenarios 4-7.  794 

The author in [59] showed for the case of Denmark, that a smart energy system with 80% of 795 
electricity generated from renewable energy sources, PV should correspond to the 20% of the 796 
renewable electricity generated. In the scenario 7 from this paper, when PV capacity was not 797 
constrained by the space availability, 80% of the final electricity demand was met by variable 798 
PV generation. The latter points to the significant difference between modelling smart energy 799 
systems in tropical regions and smart energy systems in regions with colder climates, which 800 
have emphasized seasonality. The steady solar irradiation and the lack of seasonality, as well 801 
as steady cooling demand throughout the year, fosters much larger shares of variable PV 802 
generation compared to the colder climates.  803 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

29 
 

The authors in [22] focused on the optimal mix between energy savings and district heat 804 
supply. They showed for the case of four different European countries that the thermal energy 805 
savings in buildings should account for 0-60%, mainly based on the price of the available heat 806 
supply. In the case of Singapore from this paper, the heat savings in buildings accounted for 807 
22.3%. The latter result is in line with [22], as Singapore had lots of heat available from CHP 808 
plants, geothermal and solar thermal energy, which made it cheaper to generate more cold 809 
than to invest large amount of funds for very large energy efficiency improvement in the 810 
buildings sector. 811 

For the future case and the model development from the perspective of cities, it would be 812 
beneficial to integrate the industrial sector in the modelling of air pollution. Considering 813 
different case studies, better representations of energy efficiency options, technologies such as 814 
pumped hydro, concentrated solar power, wind and others could prove to be feasible. 815 
Moreover, integrating a smart water system into the model and optimizing pumping power, 816 
especially in a flat land like Singapore could further lead to increased efficiency of the whole 817 
energy system. Further focusing on the outlook of this study, it is important to mention that 818 
the expected population growth until the year 2050 will be highly uneven [60]. Almost all the 819 
population increase will occur in the Middle East, Latin America and Africa, majority of 820 
which will happen in the tropical region [60]. Hence, this case study is widely applicable to 821 
the other cities in the tropical region, in which population growth and economic development 822 
will significantly increase energy demand for cooling, transportation and other services. Thus, 823 
this paper will hopefully contribute to the discussion on potential of avoiding long term lock-824 
in effects in the energy decisions that will significantly curb the potential for carbon and air 825 
pollution emissions control.  826 

Conclusions 827 
 828 

The research carried out in this paper showed that the integration of different energy sectors in 829 
the tropics can significantly reduce the socio-economic costs of urban energy systems, and at 830 
the same time provide cleaner air and mitigation of carbon emissions. The optimal smart 831 
urban energy system of Singapore included a certain share of district cooling, demand side 832 
management in industry and households, as well as in the water sector (reversible osmosis), 833 
energy efficiency measures in buildings, different storage technologies and renewable energy 834 
supply. 835 

All the scenarios representing stepwise integration of the energy sectors showed significant 836 
socio-economic cost savings, reduction in CO2e emissions and lower primary energy supply. 837 
In socio-economic terms, the best performing scenario (Scenario 5) resulted in 49% lower 838 
CO2e emissions, 7% lower primary energy supply and 55% savings in the total socio-839 
economic costs. The best performing scenario in terms of CO2e emissions (Scenario 6) 840 
showed 46% lower socio-economic costs, 68% reduction in CO2e emissions and 5% reduction 841 
in primary energy supply. 842 
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Air pollution was also reduced in all the alternative scenarios. However, in the scenario with 843 
the lowest CO2e emissions (Scenario 6), air pollution was significantly larger than in the 844 
Scenarios 4 and 5, due to the increased use of biomass, which was modelled as CO2e neutral 845 
technology in the energy system (all the biomass demand needed to be met by sea algae 846 
production). 847 

A comparison between the cases when the energy system of the city seeks for achieving the 848 
self-sustainability and when it also utilizes the energy from its surroundings (Scenarios 6 and 849 
7) showed that achieving the same CO2e levels is cheaper by utilizing the energy from the city 850 
surroundings, too. 851 

Future research on urban energy systems could further integrate water distribution system, 852 
including the needed pumping power for the water distribution, include job creation potential 853 
of different technologies, as well as behavioural economics of the demand side of the energy 854 
system, to capture non-optimal decisions of the humans better.  855 
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Appendix A 998 
 999 

Hourly operation of different storages. 1000 

Pit thermal energy storage (PTES) level (Scenario 7): 1001 

 1002 

 1003 

 1004 

Grid electric battery storage level (Scenario 7): 1005 

 1006 

 1007 

Electric vehicles batteries storage level (Scenario 7): 1008 
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 1009 

 1010 

Syngas storage level (Scenario 7): 1011 

 1012 

 1013 

Gas storage level (Scenario 5): 1014 

 1015 
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Appendix B 1016 

Objective function: 1017 

  

1018 
                                                (B.1) 1019 

Where levelized investment costs were calculated using Eq. (B.2). 1020 

                      (B.2) 1021 

Inequality constraints  1022 

Power sector balance: 1023 

1024 
                  (B.3) 1025 

Gas demand sector: 1026 

1027 
           (B.4) 1028 

District cooling energy generation balance: 1029 

1030 
            (B.5) 1031 

Individual cooling energy balance: 1032 

        (B.6) 1033 

The share between the individual and district cooling demand: 1034 

    (B.7) 1035 

Absorption chillers energy balance: 1036 
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        (B.8) 1037 

Transport demand energy balance: 1038 

    (B.9) 1039 

Syngas (hydrogen) balance: 1040 

   (B.10) 1041 

Gasoline energy balance: 1042 

                    (B.11) 1043 

Desalinated water production balance: 1044 

                    (B.12) 1045 

Capacity of technologies constraints: 1046 

                     (B.13) 1047 

                     (B.14) 1048 

Environmental constraints: 1049 

                (B.15) 1050 

                   (B.16) 1051 

Equality constraints 1052 

Electric vehicle battery storage energy balance: 1053 

1054 
                   (B.17) 1055 

Heat storage balance equation*: 1056 

    (B.18) 

Starting-end point storage constraint: 1057 

                  (B.19) 1058 

*Syngas (hydrogen) storage, natural gas storage and battery grid storage were modelled in 1059 
the same manner as the heat storage. 1060 
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Energy balance for flexible demand in industry and buildings (shifted energy demand) 1061 

                    (B.20) 1062 

Building energy efficiency scenario (constraining that only one energy efficiency scenario can 1063 
be chosen, as they are mutually exclusive): 1064 

                     (B.21) 1065 
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 integrated model for smart urban energy system was developed 

 air pollution in cities was modelled as a part of the holistic energy system model 

 five large scale energy storage types were modelled 

 optimal share of district energy, energy efficiency and renewable supply was found 

 the economic impact of seeking for energy self-sufficiency of cities was calculated 


