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14 Abstract
15 Studies show that energy efficiency should play a significant role towards achieving cost-efficient 100% 
16 renewable energy systems. One way to attain cleaner heating solutions for the future is to utilise waste heat 
17 from power plants and industry through district heating. In the European Union, approximately 50% of 
18 thermal energy is lost in conversion processes. This research paper investigates the potential for the 
19 implementation of district heating in a future energy system originally intended not to include district 
20 heating. The paper approaches the problem by utilising TIMES modelling to frame the initial future energy 
21 system. However, MARKAL/TIMES is not ideal to investigate the operation of different heating scenarios, due 
22 to a lack of hourly modelling. Hence, the study utilises EnergyPLAN to investigate the implementation of 
23 district heating as an alternative heating scenario to individual heating. EnergyPLAN allows for simulating the 
24 hourly operation of not only electricity systems but also heating systems. The study investigates the 
25 implementation of district heating in the CO2-80 scenario created with the Irish TIMES model. As the Irish 
26 CO2-80 scenario does not include district heating, this study uses EnergyPLAN to simulate an 80% reduction 
27 scenario, with and without district heating, to compare the operation of the two systems. A sensitivity 
28 analysis is included to reflect on the uncertainties of the study. The results show that a district heating 
29 solution is more fuel-efficient while more investment heavy, however the fuel savings more than 
30 compensates for the increased investments. In total, the district heating scenario is close to 300 M € cheaper 
31 in annual costs than the individual heating scenario for Ireland, and achieves a fuel efficiency increase of 3.5% 
32 in the whole energy system due to an efficiency increase in the heating sector. The article shows both the 
33 relevance of using multiple models, and the need to consider district heating in a future Irish energy system

34 Keywords: EnergyPLAN; MARKAL/TIMES; District heating; Energy Systems Analysis; Energy Systems 
35 Modelling
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36 1 Introduction
37 The Heat Roadmap Europe studies found that over 50% of the thermal energy in the European Union in 2010 
38 was lost during energy conversion processes, and thus emphasised the need to focus on increased energy 
39 efficiency [1]. In the transition to future renewable energy systems, an increase in energy efficiency seems 
40 very beneficial [2–4]. This benefit and potential have been shown in many studies, among others for Denmark 
41 [5], Europe [6], Turkey [7], the US [8] and Azerbaijan [9]. Increased energy efficiency can be achieved in 
42 several ways, for instance, lower consumption by the end user [10–14]; more fuel-efficient production, such 
43 as combined heat and power production [9]; and utilisation of waste resources like heat from industry 
44 [15,16], especially relevant in fourth-generation district heating [17]. 

45 The Heat Roadmap Europe studies [1,18,19] were done to identify how the heating sector in Europe can be 
46 designed to be more energy efficient. The studies investigated several heating options for Europe; one of the 
47 main conclusions is that by utilising energy efficiency measures like combined heat and power, industrial 
48 waste-heat, and district heating it is possible to change the heating sector in Europe [1,14,20]. The argument 
49 is that when comparing primary energy use to actual heating end use, as shown in Figure 1, the amount of 
50 energy wasted from electricity production and industrial processes could ideally fulfil the heating demands 
51 of Europe. Obviously, it is not that simple, since temperature levels matter [21,22] and not all heated 
52 buildings are situated in dense urban areas that potentially can be reached by district heating grids [23,24]. 
53 However, based on the spatial mapping in the second Heat Roadmap Europe study, district heating can 
54 theoretically cover 50% of the heating demand in Europe [1], highlighting the potential for more efficient 
55 energy utilisation. 

56 It is important to mention that the availability of waste heat currently ties to the use of fossil fuels in industry 
57 and thermal power plants. In future 100% renewable energy systems, less waste heat from thermal power 
58 plants can be expected, as more renewable energy sources enter the energy system and replaces the thermal 
59 power plants. However, the thermal power plant capacity is still needed for regulation, and waste heat from 
60 industrial processes will still be available, and can be utilised efficiently in district heating [17]. Add to this, 
61 the flexible use of thermal storage in relation to heat pumps, where district heating has an important role to 
62 play in future renewable energy systems [6], even if they in many cases were or will be built based on the 
63 availability of waste heat. Furthermore, district heating can improve the local air quality compared to areas 
64 normally heated by individual boilers [25].

65 The heating systems in individual European countries are very diverse in terms of supply technologies [26,27]. 
66 In certain countries, like Denmark, Sweden, Finland, Estonia, Latvia and Lithuania, over 50% of consumers 
67 are connected to district heating systems [28], while in the UK, Switzerland, the Netherlands and France, less 
68 than 10% of consumers are connected to district heating systems[28]. These countries are predominantly 
69 heated by individual solutions, such as gas boilers or electric heating [26]. Figure 1 shows the cities in Europe 
70 with district heating systems; however, the figure does not show the size of these systems.

71

72
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73

74 Figure 1. District heating systems in Europe in cities with over 5,000 inhabitants. [29]

75

76 While district heating has the benefit of utilising waste heat, it also carries the risk of being inefficient if the 
77 density of heat consumers is low [30] or if insufficient numbers of heat consumers are connected to the grid 
78 [30]. It is therefore necessary to make individual analyses of specific countries, since the heating demands, 
79 density of cities and other parameters vary depending on geographic location. This is partly accomplished in 
80 the studies for Heat Roadmap Europe 3 [19] and 4 [31]. 

81 Based on this knowledge, the goal of this paper is to investigate potential cleaner heating scenarios for 
82 countries with little tradition for district heating relying on individual boilers. District heating can improve air 
83 quality in urban areas [25,32] and expansion of district heating can lead to lower CO2 emissions [33]. 
84 Specifically, the paper investigates Ireland. Ireland currently has very little district heating with less than 1% 
85 of the heat demand currently covered by district heating [34]. Currently, the main heating sources are 
86 individual electric boilers and individual gas boilers. However, a CODEMA analysis shows that potentially 75% 
87 of the heat demand in the Capital Dublin can be covered by district heating [35], and in total, the Heat 
88 Roadmap Europe studies show that there is a potential for 37% district heating nationally [1]. Furthermore, 
89 low-carbon scenarios for the future energy systems of Ireland have been modelled using the Irish TIMES 
90 model [36]. While district heating for Ireland has been investigated as part of Green Plan Ireland [37,38], this 
91 paper takes a different approach.  Countries with no district heating can have well-established scenarios for 
92 transitioning to renewable energy systems or low carbon energy systems that do not take into account the 
93 possibility of district heating. Besides Ireland [39], examples are the UK [40], Japan [41] and the Netherlands 
94 [42]. One reason is that the tools used for the investigation of future scenarios in these countries currently 
95 do not consider district heating solutions, one example is the Irish TIMES model. The goal of this paper is 
96 therefore to investigate if district heating can be a feasible option for Ireland. This investigation has the 
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97 intention of analysing the implementation of district heating in Ireland on an overall level, discussing if it can 
98 be a feasible solution. It does this within the framework of a well-established 2050 scenario for Ireland that 
99 does not include district heating. The study therefore contributes to the discussion of whether district heating 

100 can be a feasible option, even if it was not considered by the initial optimisation tool.  

101 Specifically, the paper investigates the consequence of implementing district heating in the CO2-80 Scenario, 
102 which is a result form the Irish TIMES model. The CO2-80 Scenario suggests a technological pathway to reduce 
103 the carbon emissions in the Irish energy system by 80% in 2050 based on given technology cost This makes 
104 TIMES efficient at identifying a specific solution when many alternatives exists. Thus TIMES has the advantage 
105 of identifying initial suggestions for alternative energy systems. However, the Irish TIMES model currently is 
106 not able to model district heating. To model the district heating system, a two-model approach has been 
107 chosen. This means that instead of enabling the Irish TIMES model to consider district heating, EnergyPLAN 
108 is instead used to simulate the heating scenarios. Thus, the study uses EnergyPLAN to model the CO2-80 
109 scenario as both a reference without district heating and an alternative scenario with district heating. 
110 EnergyPLAN is chosen due to its capabilities within heat modelling and hourly simulation of the heating 
111 system including chronically modelling of storage [11,12,43,44]. Other tools might provide similar benefits in 
112 other cases. These include EnergyPRO [45,46] and TRNSYS [47]. There are several examples of linking 
113 between TIMES and other energy system analysis tools to achieve this insight into system operation of the 
114 electricity system in a given scenario [48–52]. Using EnergyPLAN and TIMES can potentially provide similar 
115 insights into the operation of a district heating system, where TIMES identifies the layout of the overall energy 
116 system and EnergyPLAN is used to simulate different alternatives and the hourly operation of these. These 
117 insights are not achieved through the already-established linking procedures to other tools, as they focus on 
118 the electricity sector. The reasons why EnergyPLAN is used instead of implementing district heating as an 
119 option the Irish TIMES modelling are: 1) an hourly simulation of the heating system is still needed to 
120 sufficiently assess the consequences of different heating scenario. Thus, the two-model approach helps 
121 solving the problem better than if only one model was used. 2) It is a more flexible solution as it can be 
122 applied to other models that are not able to identify district heating solution. Thus, the paper serves as 
123 inspiration for other cases that might be based on different software than TIMES.

124

125 2 Methods
126 The primary method in this article is to identify how to link the two models, so that EnergyPLAN is able to 
127 interpret the inputs and outputs from the Irish TIMES model. The linking of the two models is necessary for 
128 the first part of the analysis, which investigates the reference scenario with only individual heating solutions. 
129 The second part of the analysis requires a change in the heating system, with a share of the individual heating 
130 being converted into district heating. As hourly operation of the district heating system is required, this 
131 analysis is made in EnergyPLAN.

132 2.1 TIMES and the Irish TIMES model
133 The Irish TIMES model is the Irish adaptation of the TIMES modelling framework. The TIMES (The Integrated 
134 MARKAL-EFOM System) modelling framework is developed and maintained by one of the International 
135 Energy Agency’s Technology Collaboration Programmes, IEA-ETSAP (https://iea-etsap.org/). TIMES models 
136 are used by approximately 200 teams in 70 countries to build energy technology pathways that meet future 
137 energy service demands at least cost. The modeller can impose constraints to reflect policy targets (e.g. 
138 maximum levels of emissions, minimum levels of renewable energy). In this way, policymakers can learn 
139 about least-cost solutions to meet energy and climate targets; this is currently the greatest focus of TIMES 

https://iea-etsap.org/
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140 modelling activities globally [53]. The fundamental mathematical basis for TIMES models is linear 
141 programming with practical equilibrium, and the models generally have perfect foresight for identifying the 
142 energy system based on linear optimisation [48,54].

143 TIMES models are generally used for medium- to long-term scenario development and analysis. This means 
144 that their main application is exploring how future energy systems develop over a long period (e.g. 20–50 
145 years). This development is governed by the objective of finding the energy system that maximises the total 
146 (producer plus customer) surplus over the entire time horizon. 

147 TIMES models comprise a large technology database (over 1,300 technologies) with current and future 
148 technical and economic parameters. Inputs include detailed information on the current energy system, 
149 future energy service demands (e.g. freight and passenger tonne kilometres, building useful energy 
150 requirements, etc.) for all sectors, and future fuel prices and available energy resources. Based on these 
151 inputs, TIMES models select energy technologies and their usage in each time period to provide the optimal 
152 least-cost energy system over the entire time horizon, for example to 2050 or 2100. Figure 2 presents a 
153 schematic diagram that shows this overall approach.

154 Due to the long time horizon applied in TIMES analyses, the tool is rarely used with an hourly time resolution. 
155 Instead, it splits a given year into a reduced number of time slices, typically between eight and twenty, to 
156 capture seasonal variation, weekdays and weekends, and morning, peak and night-time demands. The focus 
157 is clearly on the long term, which poses a challenge when trying to incorporate short-term operation issues 
158 facing the power or heating system, e.g. when there is a large share of variable non-synchronous renewable 
159 energy or energy storage [51].

160  

161 Figure 2. Overview of the TIMES tool. Arrows pointing out show the outputs from the model. [55]

162

163 The Irish TIMES model is specifically developed to investigate the transition of the Irish energy system. Based 
164 on the general structure of TIMES, this means it investigates long-term solutions, without hourly resolution 
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165 modelling. Irish TIMES has an extensive database of technology, regarding both production technology and 
166 demand side technology, potentially usable in a future Irish energy system. However, the Irish TIMES model 
167 is currently not able to model district heating solution as an alternative the individual solutions. 

168 Several scenarios has been made for Ireland using the model [36,39,56,57]. The baseline scenario in this 
169 study is the 2050 CO2-80 scenario. Section 3 describes the scenario more in detail.

170

171 2.2 EnergyPLAN and heat modelling
172 EnergyPLAN is a deterministic input-output model that simulates the yearly operation of an energy system 
173 on an hourly level [58,59]. It includes all sectors of the energy system and can link them with each other. This 
174 means it considers heating, cooling, electricity, transport and industry. Figure 3 shows the structure of 
175 EnergyPLAN.

176 EnergyPLAN models the heating sector as different demands. Primarily divided into individual heating and 
177 district heating. As Figure 3 shows, EnergyPLAN is able to account for waste heat from industry and heat from 
178 CHP plants within the district heating sector. The district heating modelling can be divided into three groups, 
179 1) small district heating areas only with boilers; 2) small decentralized district heating areas with CHP; and 3) 
180 large centralized district heating areas with CHP. This allows for the utilisation of spatial data on heat 
181 demands by interpreting those into any of these three categories. EnergyPLAN is therefore capable of 
182 handling the differences in heat demands depending on location. It is also able to align with the electricity 
183 sector and identify production hours for heat pumps and how this balances with thermal storages. This 
184 provides a meaningful level of detail to the analysis, especially combined with the hourly simulation 
185 capabilities of EnergyPLAN and its ability to track the energy content of storages chronologically. 

186 EnergyPLAN has in many cases been used to model the transition to future energy systems and to investigate 
187 countries’ or cities’ entire energy systems. Examples include Copenhagen [60], Aalborg [61], Frederikshavn 
188 [62,63], Denmark [64], Ireland [37,65] and Brazil [2]. It has also been used to test the implementation of 
189 various technologies, such as vehicle-to-grid [66], CAES [67], energy savings [11,12], heat pumps [68] and 
190 wind turbines [69]. In these cases, the aim was to investigate different options for fulfilling the heat demand 
191 in various energy systems. EnergyPLAN has historically been used to compare heat pumps with other 
192 solutions such as electrical boilers, district heating and individual fuel boilers [20,38,68]. The tool has also 
193 been used to quantify the potential utilisation of district heating [20,70,71]. Furthermore, it has been used 
194 for comparing district heating and heat savings [11]. Finally, the tool has been used for the design of heating 
195 systems in future renewable energy systems [5,38,72]; one of these cases is Green Plan Ireland. This makes 
196 EnergyPLAN suitable as a tool for investigating heating solutions in a least-cost scenario generated by the 
197 Irish TIMES model.
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198

199 Figure 3. Overview of the EnergyPLAN model and its approach to an energy system. [58]

200

201 2.3 Linking Irish TIMES to EnergyPLAN
202 To accomplish the linking from Irish TIMES to EnergyPLAN to enable the investigation of heating scenarios in 
203 EnergyPLAN, the study suggests the following procedure, outlined in Figure 4. 

204 The process of linking the tools follows a number of steps in order, whereby some steps generate data for 
205 the Irish TIMES model, some generate data for EnergyPLAN, and others are relevant for both tools. The steps 
206 can be replicated for transferring and linking other tools albeit some differences might occur. The steps are:

207 1) Define inputs needed to run the TIMES model. These include a model of the reference energy 
208 systems, available technologies from which TIMES will create the scenarios, and certain restrictions 
209 like targets for reductions of CO2 emissions.
210 2) Define the common inputs needed for both TIMES and EnergyPLAN. These are primarily cost 
211 assumptions regarding both fuel prices and investment costs, lifetimes, and operation and 
212 maintenance costs of the technologies. Furthermore, assumptions regarding discount rates are 
213 important to define here as common variables for both TIMES and EnergyPLAN.
214 3) Run the TIMES model based on these assumptions. 
215 4) Implement the outputs from the MARKAL/TIMES run into creating an EnergyPLAN model. The 
216 EnergyPLAN model should be based on the following outputs from the MARKAL/TIMES model:
217 a. Demands for the energy sectors. Electricity demands, heating demands, transport demands 
218 and energy demands.
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219 b. Capacities for energy conversion technologies. Boilers, power plants, solar power, wind 
220 turbines and others.
221 c. Efficiencies of the technologies in the scenario defined in the MARKAL/TIMES model.
222 5) Implement EnergyPLAN-specific inputs into the EnergyPLAN model. These are hourly distributions of 
223 demands and, potentially, technologies that a given MARKAL/TIMES model is not able to handle.
224 6) Simulate the EnergyPLAN system.
225 7) Outputs and results from EnergyPLAN.

226

227 In this case, the Irish TIMES scenario already existed, thus the majority of the work occurred in step four: 
228 creating the right interface between the TIMES outputs and the fixed structure of EnergyPLAN inputs. This 
229 paper illustrates one way of creating the interface for the  heating scenarios for Ireland. The translation from 
230 TIMES to EnergyPLAN is specific for this paper. Nevertheless, it might serve as inspiration for others working 
231 with using multiple tools to approach energy planning problems.

232

Model of reference 
energy system

TIMES MODEL

Fuel assumptions 
and resource 

availability
Cost assumptions

Other inputs for TIMES, 
such as available 

technologies

EnergyPLAN MODELTIMES OUTPUTS

Hourly 
distributions

Technologies and 
scenarios that 

TIMES does not 
provide

Output from 
an hourly 
simulated 

energy 
system

1

2

3 4

5

1

2

5

6

7

233 Figure 4. Scheme of the soft-linking procedure between the Irish TIMES model and the EnergyPLAN model.

234

235 3 Converting the CO2-80 Scenario from Irish TIMES to EnergyPLAN
236 This section points to the main assumptions behind the CO2-80 scenario from Irish TIMES and details how 
237 these are converted to fit the EnergyPLAN modelling framework. The Irish TIMES CO2-80 scenario 
238 background data is documented here. [73]. 
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239 The intention of the Irish CO2-80 scenario is to identify low-cost scenarios for 80% reduction in carbon 
240 emissions in Ireland from 1990 to 2050. These are based on investment and price databases. The fuel costs 
241 are based on the World Energy Outlook 2012 report [73]. Since the constraint of the model is to identify low 
242 carbon scenarios, a marginal abatement cost is identified for the modelled year. In 2050, it results in a cost 
243 of 336 €/tonne CO2, compared to 74 €/tonne CO2 in 2020. The resulting energy system of the CO2-80 scenario 
244 from Irish times is shown in Figure 5.

245  

246

247 Figure 5. Sankey diagram of the energy consumption in the Irish CO2-80 scenario [73].

248
249 The Irish TIMES demand categories have to be summarised in the following four categories in EnergyPLAN: 
250 electricity, individual heating, industry and various, and transport. These aggregations are detailed in Table 
251 1. 

252

Irish TIMES CO2-80 EnergyPLAN
General electricity demand [TWh] 26.34 26.34
Individual heating (fuel) [TWh]

Oil
Commercial oil
Residential oil
Gas
Commercial gas
Residential gas
Biogas
Biomass
Commercial biomass
Residential biomass

0.07
0.00

3.50
7.12
4.34

2.90
3.11

0.07

14.96

6.00
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Electric heating
Commercial electric
Residential electric

1.11
5.30

6.41

Industry (fuel) [TWh]
Coal
Oil
Industrial energy
Industrial non-energy

Natural gas
Biomass

4.87

0.05
6.92

0.04
19.88

4.87
6.97

0.40
19.88

Various/agriculture (fuel) [TWh]
Coal
Oil
Natural gas
Biomass

0.00
1.99
0.38
0.35

0.00
1.99
0.38
0.35

Transport (fuel) [TWh]
Jet fuel (fossil)
Diesel (fossil)
Diesel
Heavy fuel oil
Diesel (biofuel)
Diesel (electrofuel)
Petrol (fossil)
Gasoline
Transport kerosene
Petrol (biofuel)
Gas (biogas)
Electric
Battery
Electric

17.89

3.44
0.79
8.93
4.71

0.65
0.04
10.54
5.25

5.78
0.87

17.89
4.23

8.93
4.71
0.69

10.53
5.12
6.65

253 Table 1. Demand outputs in Irish TIMES and the demand inputs for EnergyPLAN.

254

255 The reference scenario is based on individual heating, utilising individual boilers. To identify the boiler 
256 efficiency for individual heating, the individual technology data sheet in the Irish TIMES model for the CO2-
257 80 scenario is used. Table 2 indicates the identified efficiencies for the boilers in EnergyPLAN based on the 
258 available technology sheets.

259

EnergyPLAN
Boiler efficiencies 

Oil 
Natural gas
Biomass
Electric heating

0.95
0.95
0.81
1.00

260 Table 2. Efficiency outputs/inputs from TIMES and the resulting capacity inputs for EnergyPLAN for individual 
261 heating.
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262

263 Based on the TIMES results, the power plants in the Irish system are divided into CCS and non-CCS power 
264 plants. Table 3 shows the transformation of system outputs from the Irish TIMES CO2-80 scenario into 
265 EnergyPLAN inputs for power plants. The table also shows the total amount of carbon captured in CCS. This 
266 amount includes both power plants and industry. The efficiencies are identified based on electricity 
267 production and fuel consumption, which means they are the annual average efficiency. To match the 
268 operation of the energy system, the oil consumption in power plants is slightly higher in EnergyPLAN than in 
269 the Irish TIMES model.

Irish TIMES CO2-80 EnergyPLAN
Power plant capacity [MW]

Non-CCS
CCS

1,581
1,525

1,581
1,525

Power plant electric efficiency 
Non-CCS
CCS

0.63
0.48

0.63
0.48

Power plant fuel [TWh]
Non-CCS 
CCS

0.09 oil | 6.85 gas
23.66 gas

0.19 oil | 6.85 gas 
23.66 gas

Renewable energy capacity [MW]
Onshore wind
Solar PV
River hydro

5,341
2,153
342

5,340
2,150
342

Total amount of CO2 captured in CCS (power plants + 
industry) [Mton]
From electricity production
From industry

4.20
1.64

5.84

270 Table 3. Capacity and efficiency outputs/inputs from TIMES and the resulting capacity inputs for EnergyPLAN 
271 for power production.

272

273 Irish TIMES and EnergyPLAN have different approaches to the modelling of biogas as well as of biofuels and 
274 electrofuels for the transport sector. TIMES allows for the import of biofuels and biomass, while EnergyPLAN 
275 only considers the import of biomass for local biofuel plants. Thus, in EnergyPLAN, in this study, the biomass 
276 is calculated as being equal to the biofuel production, both for biodiesel and bio petrol.

277 The Irish TIMES CO2-80 scenario identifies two sources of biogas production: from biogas plants and as a 
278 waste product from biomass gasification. The EnergyPLAN model uses the specifications from the biorefinery 
279 process in the Irish TIMES model as the inputs for biomass gasification. Hence, it is necessary to tweak the 
280 efficiencies of biomass gasification to fit the outputs defined in TIMES.

281 Biogas is used in the transportation and heating sectors. To reflect this, EnergyPLAN accounts it as gas 
282 production and uses it in the respective gas for heating and gas for transport inputs. In the Irish TIMES CO2-
283 80 scenario, the final DME electrofuel demand is 4.71 TWh. The EnergyPLAN representation assumes that 
284 the DME electrofuels are produced within Ireland and includes electrolysers and hydrogenation. Thus, based 
285 on the assumption of 80% efficiency of conversion from synthetic grid gas to DME, an efficiency of 80% and 
286 a hydrogen share of 36% for synthetic grid gas production, the EnergyPLAN inputs are defined. These 
287 efficiencies resemble the ones identified in [74].
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288 Table 4 shows these inputs necessary to construct the biorefinery and biogas production in EnergyPLAN.

289

Irish TIMES CO2-80 EnergyPLAN
Biodiesel plant [TWh]

Biomass input
Biodiesel output

-
8.93

8.93
8.93

Bio petrol plant [TWh]
Biomass input
Bio petrol output

-
10.53

10.53
10.53

Biogas [TWh]
Biogas plant output
Waste biogas from gasification plant

9.10
0.37

9.10
0.37

Synthetic fuel production [TWh]
- Biomass input for gasification plant
- Syngas demand from gasification plant

Hydrogen production [MW]
Electrolysers for electrofuels

Biomass hydrogenation output [TWh]
Synthetic grid gas for electrofuels

Electrofuel demand
Diesel

9.5
4.72

-

-

4.71

9.5
4.72

500

5.89

4.71
290 Table 4. Inputs for the generation of biogas, biofuels and synthetic fuels.

291

292 In the Irish TIMES CO2-80 scenario, the energy system is set up to curtail wind and solar in hours of excess 
293 production (unless power-to-gas or energy storage are economically attractive alternatives) and when inertia 
294 constraints are not met. Distribution files are the same as used in Green Plan Ireland [38]. EnergyPLAN 
295 simulates the energy system based on minimising fuel consumption by regulating the combined heat and 
296 power plants in relation to both electricity and heat demands.

297 Figures 6 and 7 show the results of the comparison of the EnergyPLAN replication of the Irish TIMES CO2-80 
298 scenario. Figure 6 compares the primary energy consumption, including fuel for aviation and exported 
299 industrial goods, while Figure 5 compares CO2 emissions excluding emissions from international transport 
300 and exported industrial goods. 

301
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303 Figure 6. CO2 emissions from the TIMES model and the EnergyPLAN model of the CO2-80 scenario, excluding 
304 CO2 emissions from aviation and exported industrial goods.
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307 Figure 7. Primary energy consumption from the TIMES model and the EnergyPLAN model of the CO2-80 
308 scenario, including fuel consumption for aviation and exported industrial goods.

309 Figure 6-7 show the performance of the reference scenario from Irish TIMES and that EnergyPLAN reaches 
310 similar performance in terms of primary energy and CO2 emissions from the CO2-80 scenario. Both systems 
311 rely on the import of 2 TWh of electricity, also indicating that the system operation is similar.

312

313 4 Modelling a district heating scenario for Ireland 
314 District heating for Ireland has been investigated in the Green Plan Ireland scenario [38] and for Dublin 
315 [35,75]. The present study uses the inputs from Green Plan Ireland to create the basis for the district heating 
316 scenarios implemented in this study. Green Plan Ireland has a different offset than TIMES CO2-80: it targets 
317 a 100% renewable energy scenario. Another major difference is that the TIMES CO2-80 scenario select carbon 
318 capture and storage on power plants as a least-cost pathway, whereas that technology has been ruled out 
319 for Green Plan Ireland. Since Green Plan Ireland not only uses power plants but also central, combined heat-
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320 and-power plants, some of the power plants from the CO2-80 scenario should be converted to combined 
321 heat-and-power plants. The annual costs reflect this change. In this study, the non-CCS power plants are 
322 converted to combined heat and power, while the CCS power plants remain as electricity-only producers. 
323 Another main difference is that the heat demand is different in the two models. Green Plan Ireland has a 
324 total heat demand of 28 TWh, whereas the CO2-80 scenario has a heat demand of 25.55 TWh, due to 
325 assumed efficiency measures at the individual household level in CO2-80 scenario. Thus, the heat demand 
326 from the TIMES scenario is used, but the share of converted heat demand is identified through Green Plan 
327 Ireland. This means that in total, 37% of the heating demand in Ireland is converted to district heating. The 
328 37% is an assumption based on a spatial analysis of heat demand in Europe made in the Heat Roadmap 
329 Europe study [1]. It suggests that 50% of the heat demand in buildings are situated in areas with a heat 
330 density over 15 TJ/km2. 33% of the heat demand in buildings are in areas with a heat density over 50 TJ/km2. 
331 This results in that Green Plan Ireland suggests that 15% of the heat demand is converted to district heating 
332 from decentralised plants (smaller cities) and 22% of the heat demand is situated in centralised areas (larger 
333 cities).

334 In terms of cost assumptions, the main scenario applies the Irish TIMES cost assumptions for all the energy 
335 systems besides the district heating, in which the cost assumptions from Green Plan Ireland are used. Green 
336 Plan Ireland uses a district heating grid cost of 522 M€/TWh. This cost is based on the Danish Energy Agency’s 
337 assumption for low temperature [17] district heating grids installed in already existing urban areas [76]. 
338 However, if current conventional temperatures in the district heating grid are desired, it is possible to reduce 
339 costs to 72 M€/TWh [76]; furthermore, the cost of a district heating grid may increase to up to 720 M€/TWh 
340 when implemented in rural areas or as low-temperature district heating in newly developed areas [76]. Thus, 
341 the price is highly sensitive to grid losses and the amount of energy transferred. These costs are based on a 
342 country where district heating is a common technology. The study therefore tests for these lower and higher 
343 grid costs. The costs reflect total costs for implementing the technology as a consumer.

344 The primary assumption for losses in the district heating grids is based on the Green Plan Ireland scenario 
345 and amounts to 10% in large urban areas and 15% in smaller cities and towns. These assumptions are also in 
346 line with the Danish Energy Agency’s assumptions for district heating grids [76]. The assumptions for grid 
347 losses are also based on a low-temperature system. The losses may be higher in a traditional district heating 
348 system; thus, these are also included in the sensitivity analysis, where grid losses are increased to 20% and 
349 25% of the heating demand in decentralised areas and 15% and 20% of the heat demand in centralised areas.

350 Thus, the study does take into account the uncertainty of the performance of the district heating grid 
351 implemented. It is hard to identify the actual grid losses since Ireland for now do not have an extensive district 
352 heating buildout. While energy efficiency is a natural companion to the transition to low temperature district 
353 heating, it is possible that low temperature heating can work in buildings and heating installations designed 
354 for the current generation of district heating [77,78]. This study therefore do not discuss the implementation 
355 of heat savings, but recognise its potential impact on the result.

356 Tables 5–6 show the technical inputs used for the district heating scenario. The district heating scenario 
357 converts approximately half of the individual gas boilers, and a small number of the individual electric and 
358 biomass boilers, to district heating. The total heat demand in Ireland comes from the Irish TIMES model, 
359 while the way it is distributed is based on the Green Plan Ireland scenario. The boilers are scaled to cover 
360 peak demands, while the sizes of the combined heat-and-power plants are identified through the Green Plan 
361 Ireland scenario. All the district heating technologies are new builds; however, the combined heat-and-power 
362 plants replace those power plants not utilising combined heat and power.
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Share of heat 
demand on DH

Grid loss Heat demand 
[TWh]

Decentralised district 
heating

15% 15% 3.80

Centralised district heating 22% 10% 5.60
Individual gas boilers - - 7.10
Individual biomass boilers - - 3.65

363 Table 5. Heating demands in the district heating scenario.

364

Electric 
capacity 
[MW]

Heat capacity 
[MW]

Electric efficiency Heat efficiency

Decentralised 
combined heat and 
power

750 938 40% 50%

Centralised combined 
heat and power

1,581 872 58% 32%

Decentralised district 
heating boilers

- 1,000 - 90%

Centralised district 
heating boilers

- 1,500 - 90%

365 Table 6. Assumptions for combined heat-and-power plants and district heating boilers for the district heating 
366 scenario.

367 Tables 7–8 show the economic inputs for the individual heating scenario and the district heating scenario. 
368 Since the study only changes the composition of power plants and heating units, only these investment costs 
369 are included here, as the others remain fixed. The cost assumptions are total investments before discounts. 
370 The fixed operation and maintenance costs are estimated as a percentage of investment costs. These cost 
371 assumptions are based on the cost databases in the Irish TIMES model. As a baseline, power plants without 
372 CCS are assumed to cost 0.60 M€/MW.

Investment cost [M 
EUR]

Fixed O&M [%] Lifetime [years]

Power plants 3,106 2.9 26
District heating 
grids

- - -

Decentralised 
combined heat-
and-power plants

- - -

Centralised 
combined heat-
and-power plants

- - -

District heating 
boilers

- - -

Individual gas 
boilers

2,636 7 15

Individual bio 
boilers

2,018 3 15
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Individual electric 
boilers

1,183 0 15

District heating 
substation

- - -

373 Table 7. Electricity and heating costs for the individual heating scenario.

374

Total investment cost 
[M EUR]

Fixed O&M [%] Lifetime [years]

Power plants 1,800 2.9 26
District heating 
grid

5,580 0.6 40

Decentralised 
combined heat-
and-power plants

638 3 25

Centralised 
combined heat-
and-power plants

1,265 3 25

District heating 
boilers

125 3 25

Individual gas 
boilers

1,309 7 15

Individual bio 
boilers

1,514 3 15

Individual electric 
boilers

998 0 15

District heating 
substation

1,029 1 20

375 Table 8. Electricity and heating costs for the district heating scenario.

376 Since there has been no thorough study of the specific district heating potential in all of Ireland, the study 
377 includes the following sensitivity analyses to assess the results:

378  A discount rate of 3% instead of 5%.
379  District heating grid investment costs of 72 M€/TWh. This equals a total investment of 770 M€.
380  District heating grid investment costs of 720 M€/TWh. This equals a total investment of 7,718 M€.
381  District heating pipe loss of 15% of heat demand in centralised district heating areas and 20% in 
382 decentralised district heating areas (higher grid loss step 1).
383  District heating pipe loss of 20% of heat demand in centralised district heating areas and 25% in 
384 decentralised district heating areas (higher grid loss step 2).

385

386 5 Results
387 Based on the construction of the district heating scenario, it is possible to achieve results for the Irish energy 
388 system with and without district heating. It is important to note that neither of these systems are renewable 
389 energy systems. Both systems are low-carbon emission systems based on natural gas, biomass and variable 
390 renewable energy sources. While we believe a 100% renewable energy system is possible, in line with Green 
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391 Plan Ireland [38], the goal of this study is to investigate if district heating is feasible in a system originally 
392 designed without district heating.  The outputs from the energy system built on individual heating solutions 
393 was already shown in chapter 2; with the results from the district heating scenario, it is possible to compare 
394 the two. Figure 8 shows the fuel consumption in the two systems, and Figure 9 shows the total annual costs 
395 for the two systems. From Figure 8 we can see that the implementation of district heating in the Irish CO2-
396 80 energy system provides a more fuel-efficient solution for the entire system, with a reduction of 5 TWh in 
397 the fuel demand. This is a reduction of 3.5 % of the entire fuel demand. However, this has to be compared 
398 to the heating demand of 25.25 TWh, which in the reference system results in a fuel consumption of 21.03 
399 TWh and 6.41 TWh for electric heating. Thus, the increase in efficiency of the heating sector is 18%. The 
400 district heating system achieves a more efficient use of gas, oil and biomass. Figure 9 shows the annual costs; 
401 from these results, district heating is a more cost-efficient solution than a system based on individual heating. 
402 The annual costs are quite similar, but the savings in fuel consumption manages to cover the increased 
403 investment costs for the district heating system.

404
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406 Figure 8. Fuel consumption in the CO2-80 scenario, comparing the reference scenario (CO2-80 EnergyPLAN) 
407 to the district heating scenario (CO2-80+DH).

408
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410 Figure 9. Annual discounted costs for the heating and electricity systems in the CO2-80 scenario with 
411 individual heating and district heating.

412

413 The results are based on assumptions regarding the implementation of a low-temperature district heating 
414 system in Ireland. Since the potential for district heating in Ireland has yet to be fully investigated, there are 
415 uncertainties related to these results. The investment costs might be more expensive or grid losses could be 
416 higher. The results from the sensitivity analysis, highlighted in chapter 3, are shown in Figures 10 and 11. 
417 Figure 10 shows the sensitivity at different grid costs, and higher grid losses with the assumption of a 3% 
418 discount rate. Figure 11 shows the same, but with a 5% discount rate.

419 Even though the differences are not great, the district heating version of the Irish CO2-80 system performs 
420 better than the system with individual heating in all cases. District heating provides a more efficient energy 
421 system at a lower cost in all cases. Current technology cost for medium temperature district heating, results 
422 in lower annual costs. An investment reduction does not change the energy production in the system, thus 
423 the fuel consumption stays the same. The same goes if higher investment costs for district heating grids are 
424 assumed. Even a 40% increase in investment costs for the district heating system does not result in the district 
425 heating system being more expensive than the individual heating system. The second primary sensitivity 
426 analysis regards the district heating grid losses. The increased grid losses results in slightly higher fuel demand 
427 for the district heating system, which increases the cost associated with the fuel consumption. However, due 
428 to the system design, an increase in losses from 15% to 25% in decentral areas and 10% to 20% in central 
429 areas only results in a fuel demand increase of 1.4 TWh over a year. This is still within the efficiency gains of 
430 the district heating system compared to the individual heating system. The final sensitivity analysis reflects 
431 on the sensitivity of the investment costs to the discount rate. Even if all results perform better than the 
432 reference CO2-80 scenario, the higher grid cost scenario is almost equal to the reference scenario. This 
433 however does mean that it is possible to see a case where high investment costs and high grid losses could 
434 result in a more expensive system than the reference scenario. 

435
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437 Figure 10. Sensitivity of fuel consumption and annual costs, all at a 3% discount rate.
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440 Figure 11. Sensitivity of fuel consumption and annual costs, all at a 5% discount rate.

441

442 6 Conclusion
443 The study identifies the possibility for implementing cleaner heating solutions in terms of district heating in 
444 a future low-carbon emission system for the Ireland. The study applies the Irish TIMES model to make a 
445 scenario for an 80% reduction in carbon dioxide. This is based on the current development of the Irish TIMES 
446 model, which is currently not able to conduct detailed analyses of district heating. Thus, EnergyPLAN is used 
447 to investigate not only for the operation of the heating system, but also for the feasibility of district heating 
448 in Ireland, compared to a scenario based on individual heating solutions. EnergyPLAN enables the hourly 
449 simulation of the heating system and therefore includes the operation of combined heat and power plants, 
450 boilers and storages in relation to the electricity system on a chronological basis over the year.
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451 In the Irish CO2-80 scenario that was explored in this paper, the conversion of 37% of the Irish heat demand 
452 to district heating shows that the district heating option provides a solution that is more efficient than an 
453 individual heating solution. The inclusion of district heating and combined heat and power shows that the 
454 district heating solution has lower annual costs than the solution based on individual heating. To investigate 
455 the uncertainties related to district heating, the study analyses the sensitivity of the district heating scenario, 
456 but finds that in all cases the district heating solution outperforms the individual heating solution, both in 
457 terms of fuel efficiency and in terms of costs. It is important to note that these costs are based on the Danish 
458 technology catalogue, and as such reflect the total costs for district heating based on a country used to 
459 dealing with this technology. In reality, potentially higher installation costs might result in higher costs during 
460 the implementation phase in Ireland.

461 The cost for district heating also includes the installation of a district heating substation in the buildings 
462 connected to the district heating grids. These district heating substations replace individual boilers, and thus 
463 also replace the costs for individual boilers in buildings connected to the district heating grids. The cost here 
464 is again based on the Danish experience, so there may be differences in Ireland due to the unfamiliarity of 
465 the technology. In total, should these costs significantly higher than the Danish prices, and should the district 
466 heating grid not be able to reduce losses, a case could arise where district heating is not feasible in the given 
467 system.

468 The study suggests that district heating can play a role in increasing the efficiency of a low-carbon energy 
469 system for Ireland, and do it without increasing cost. However, it is important to note that the given district 
470 heating system suggested in this study is based on large amounts of thermal power plants, to deliver excess 
471 heat.  This resource will not be available in a future 100% renewable energy system. Nevertheless, district 
472 heating can play a key infrastructural role in a 100% renewable energy system, due to its availability of large 
473 thermal storages in which hot water produced from excess electricity can be stored. Furthermore, there 
474 should still be excess heat from industrial processes available. It would therefore be an interesting further 
475 study, to implement the methodology described in this paper to a 100% renewable energy system identified 
476 using the TIMES model. This would further the discussion of the role of district heating in future renewable 
477 energy system. 
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Highlights
1) EnergyPLAN is capable of simulating energy systems identified in MARKAL/TIMES
2) EnergyPLAN and Markal/TIMES combined enables better analysis of heating scenarios
3) District heating can compete with individual heating in an Irish energy system


