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13 Abstract

14 This paper presents the building stock model CESAR (Combined Energy Simulation And 

15 Retrofitting), which is based on bottom-up modelling methodology for the development 

16 of sustainable energy transformation strategies for the buildings in Swiss districts. 

17 CESAR is composed of two sub-models: a Demand Model (DM) and a Retrofitting 

18 Model (RM). The DM is tasked with identifying the current energy demand of buildings 

19 in districts. It builds on geo-referenced information and available census data, and its 

20 flexibility allows it to be applicable to any kind of residential neighbourhood within 

21 Switzerland. The DM is based on an automated bottom-up modelling technique, which 

22 employs the dynamic building energy simulation software tool EnergyPlus as its 

23 simulation core to generate hourly energy demand profiles of individual buildings taking 

24 the interactions with neighbouring buildings (e.g. shading and solar inter-reflections) into 

25 account. Once current energy demands are calculated by the DM, the RM further offers 

26 the possibility to apply a set of energy transformation scenarios, based on the Swiss 

27 Energy Strategy 2050, to generate future demand and emission projections of districts 
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28 including key economic indicators. Besides that, the  building energy performance under 

29 climate change projections can be evaluated. 

30 In this paper, the tool is applied on three case study districts, an urban, suburban and rural 

31 area, within Switzerland and different transformation scenarios according to the Energy 

32 Strategy are investigated. Results revealed significant differences between the two 

33 implemented transformation scenarios, the Business as Usual (WWB) and the New 

34 Energy Policy (NEP). While in the WWB scenario, only a small number of buildings 

35 reaches the intended targets for primary energy and GHG emissions until 2050, the NEP 

36 scenario induces a much higher transformation of the districts. Besides that, the 

37 significance of the impact of global warming on future cooling demand is shown.

38 Keywords: building stock model, dynamic building simulation, neighbourhood, 
39 retrofitting, climate change; 
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40 Nomenclature

41 ACH Air Changes per Hour

42 CESAR Combined Energy Simulation And Retrofitting

43 CHF Schweizer Franken (Swiss Francs)

44 DHW Domestic Hot Water

45 DM Demand Model

46 ERA Energy Reference Area

47 GHG Greenhouse Gas

48 GIS Geographical Information System

49 GWR Gebäude- und Wohnungsregister

50 IDF                     Intermediate Data Format

51 MFB Multifamily Building

52 NEP Neue Energiepolitik (New Energy Policy)

53 PEN Primary Energy (non-renewable)

54 RCP Representative Concentration Pathways

55 RM Retrofit Model

56 Rp. Rappen (Swiss Cents)

57 SES 2050 Swiss Energy Strategy 2050

58 SFB Singlefamily Building

59 SIA Schweizerischer Ingenieur- und Architektenverein

60 TMY Typical meteorological year

61 WWB Weiter Wie Bisher (Business as Usual)

62
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631. Introduction

64 1.1. Background

65 To meet greenhouse gas (GHG) emission reduction targets a considerable change in the 

66 current structure of countries’ energy systems is required. This includes next to the 

67 decarbonisation of the energy supply, also a significant reduction of the current energy 

68 consumption. The building stock plays thereby an important role by contributing with 

69 about one third to the total GHG emissions in Switzerland [1] and similar numbers in 

70 many other countries. Different energy politic models have been developed to identify 

71 the overall GHG emission targets for the future and the respective measures required to 

72 achieve them. One of these concepts is the 2000-Watt Society [2], which propagates the 

73 reduction of the overall average primary energy usage to 2000 Watts per person by the 

74 year 2150. To reach this goal, the Swiss standard SIA 2040 [2] provides in-between 

75 targets in terms of yearly primary energy consumption and GHG emissions for the Swiss 

76 building stock to be met by 2050, shown in Table 1.

77 Table 1 - Primary Energy consumption & Greenhous Gas (GHG) emission targets for the Swiss building 
78 stock in the year 2050 towards a 2000-Watt society

Primary Energy [MJ-eq/m2] GHG Emissions [kg CO2-eq/m2]

New Retrofit New Retrofit

Building Construction 
Phase

110 60 8.5 5

Building Operation 
Phase

200 250 2.5 5

79 After the nuclear accident in Fukushima, Switzerland has decided to phase out nuclear 

80 energy, and developed the Swiss Energy Strategy (SES) 2050 [3], which defines goals to 

81 reduce current energy consumption, including retrofitting rates that should be achieved 

82 by the housing stock of Switzerland. To address the goals different measures are targeted, 

83 which include updating the building envelope, changing to more environmental friendly 

84 heating systems and more energy efficient home appliances and lighting technologies. In 
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85 order to devise effective strategies that will allow Switzerland to reach these targets, first, 

86 sufficient knowledge of the current energy consumption of buildings is essential. 

87 Currently, detailed energy demand information at the individual building and the city 

88 quarter level is still lacking. Available information (if any) is usually limited to energy 

89 bills at a yearly resolution. Only a few smart-metering campaigns are trying to investigate 

90 what is happening at the low-distribution grid on a more resolved temporal scale. With 

91 the integration of intermittent renewable and other decentralized energy systems, time-

92 resolved energy demand information is required in order to detect high or low demand 

93 and supply periods within a quarter, and subsequently to decide how available energy can 

94 be effectively generated, distributed or stored.

95 Housing stock modelling approaches include both bottom-up and top-down approaches  

96 [4][5]. Many countries have developed top-down modelling approaches to identify the 

97 energy consumption of their building stock and potential changes of its consumption in 

98 the future. These modelling approaches are typically based on econometric and 

99 technological models [4], which calculate the demand based on aggregated economic 

100 variables and other available data. Since these models are mainly based on historical data, 

101 predictions into the future are less appropriate and are not suitable for identifying the 

102 energy performance of specific buildings and neighbourhoods.

103 More recent developments include bottom-up models, which typically rely on physically-

104 based modelling techniques. These models are building up on already well-established 

105 methods in the building energy simulation domain, but in a more simplified manner to 

106 account for physical processes not only within a single building, but also within whole 

107 neighbourhoods or cities. Available modelling techniques differ substantially, and 

108 include next to steady-state [6–10] also dynamic heat-balance models [11–16], while 
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109 differences in building modelling resolution are observed ranging from single zone [6–

110 8,11] to multi-zone models [13–16].

111 The drawback of modelling multiple buildings is that various types of input information 

112 is required. Since such information is typically not easily available, archetypical 

113 modelling approaches have been developed, which cluster buildings based on typical 

114 characteristics such as building type, floor area, climate or construction type and use this 

115 information as input information for buildings in the respective cluster. The considered 

116 number of archetypes varies substantially ranging from less than 15 archetypes [8,10] up 

117 to 100s [11,12,17] and even 1000s [18]. A recent review paper gives a detailed summary 

118 on the different methodologies, the required input information and validation studies [19]. 

119 For Switzerland different approaches have been considered [20,9,12,21–23] whereby the 

120 studies have different focuses. For example, Aksoezen et al. [21] developed a 

121 methodology to study differences in building energy consumption depending on their age 

122 for the city of Basel. Perez et al. [23] used the tool City-Sim to investigate retrofitting 

123 potentials for a specific district in Zurich. Orehounig et al. [22] and Froemelt et al. [24] 

124 focus in their studies on validating different modelling approaches by comparing 

125 simulation results with measured energy demand data. The latter of the two approaches 

126 was also used in an earlier study, to perform a life-cycle assessment of housing and land-

127 based mobility for the municipality of Wattwil [9]. Fonseca and Schlueter developed a 

128 modelling framework to evaluate retrofitting options for a Swiss district [12] and then 

129 combined the tool with an optimization framework to identify optimal system 

130 configurations [25]. Future scenarios, which have been put in the context of future 

131 emission goals have been investigated in [10], where a bottom-up housing stock model is 

132 combined with technology diffusion and retrofitting rates to investigate the potential of 

133 the housing stock to contribute to the 2000-Watt society goals.
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134 Until now, many of the available modelling methodologies focus on yearly or monthly 

135 values for the building energy demands, an approach which can be considered valid for 

136 assessing the current energy demand of a neighbourhood or to identify future retrofitting 

137 options. However, to evaluate possibilities for demand response, to address capacities of 

138 storing heat in building mass, but also to sufficiently integrate renewable energy and short 

139 and long-term storage technologies more time-resolved data are needed. Thereby a crucial 

140 point is to account for the variability within peoples behaviour during the course of a day, 

141 to avoid unrealistic peaks in energy consumption at a specific point in time but also to 

142 take the variability of building characteristics between different buildings into account. 

143 Moreover, most of building retrofitting within a neighbourhood does not occur within a 

144 specific time-period e.g. a year, but is performed over a time-span of many years. For 

145 Switzerland, specific goals for reducing the primary energy consumption and CO2 

146 emissions until the year 2050 are formulated in the SES 2050  [3] which target, depending 

147 on the scenario, different retrofitting rates per year. By combining building stock models 

148 with technology diffusion and future retrofitting rates, a detailed assessment of possible 

149 transformation paths of a neighbourhood can be achieved. With this, future energy 

150 consumption and emissions of the neighbourhood under different scenarios can be 

151 compared and it can be evaluated if they are in line with the overall goals in emission 

152 reduction of the municipality or country.

153 1.2. This paper

154 Based on this background, this paper presents a building simulation tool based on 

155 a bottom-up modelling method for the development of sustainable energy transformation 

156 strategies of buildings in Swiss districts. The tool is composed of two individual models: 

157 a demand model and a retrofitting model. With this tool the current energy demand and 

158 future retrofitting potentials for Swiss districts can be assessed. The tool allows to 
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159 compute hourly resolved demand profiles at individual building level and thereby takes 

160 shading and reflections of neighbouring buildings into account. The model further 

161 accounts for the variability of building characteristics and occupant behaviours among 

162 different buildings to ensure a realistic representation of energy demand data aggregated 

163 at the urban level. The automated approach is built on geo-referenced information and 

164 available census data, which allows to be applied to any kind of residential neighbourhood 

165 within Switzerland. Once the energy performance of the current building stock is 

166 identified, the retrofitting model  allows to study different retrofitting scenarios of the 

167 SES 2050. Future scenarios include various envelope retrofit scenarios, building system 

168 updates, changes in electricity supply mixes and additionally accounts for changing 

169 building energy performance due to climate change. Results can be computed in terms of 

170 energy demand, GHG emissions but also resulting costs for the building retrofits.

1712. Modelling approach

172 A simulation tool named “Combined Energy Simulation And Retrofitting [CESAR] ”-

173 tool is developed which is based on a bottom up modelling approach. The tool is 

174 composed of two models, the Demand Model (DM) which is the simulation engine to 

175 compute hourly energy demand profiles for buildings, and the Retrofit Model (RM) to 

176 assess different transformation studies of the district based on the SES 2050. Figure 1 

177 shows the workflow of the tool. The energy performance of all buildings in a 

178 neighbourhood are assessed with the DM. Input information, which is required for 

179 modelling the buildings, is provided by different databases. This information includes 

180 assumptions to model the current situations of a district or for future years under different 

181 retrofitting scenarios. Input information to represent the current situation of the building 

182 stock of Switzerland includes building statistical data [1] to represent todays building 

183 characteristics with relevant parameters such as materials, construction types, 
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184 infiltration rates and glazing ratios. Additionally assumptions for internal conditions 

185 pertaining to user behaviour, thermal settings (heating and cooling set point 

186 temperatures), lighting and appliances and ventilation rates are based on the same 

187 database. 2.5D building information [26] is used to represent buildings geometry 

188 including orientation and shading by neighbouring buildings. Typical meteorological 

189 years (TMY) weather files [27] for different locations in Switzerland are included in the 

190 database to represent local weather conditions. 

191 Once the current situation of the building is simulated with the DM, the RM provides 

192 input information on different transformations strategies for buildings. Transformation 

193 strategies are based on targets and assumptions in accordance to the SES 2050. Input 

194 information includes retrofit of building envelope with relevant parameters such as 

195 retrofitting rates for different building ages and building element combinations (e.g. 

196 walls, windows etc.) and update of building systems taking into account projected shares 

197 and changing efficiencies of the systems given in the SES 2050 into account. Projections 

198 on internal conditions with information on changes in lighting and appliances 

199 efficiencies are also considered. Additionally information on future weather conditions 

200 under climate change are included in the model. Based on these assumptions changes in 

201 energy demand of these buildings for future years (2020, 2035, 2040 and 2050) are 

202 simulated with the DM and information is again passed on to the RM for a performance 

203 evaluation. To calculate current and future GHG emissions for the scenarios PEN 

204 emissions and primary energy factors and projected trends of the Swiss electricity mix 

205 based on the SES 2050 are considered. For calculating resulting operating and 

206 investment costs for both retrofitting of the building envelope and system changes 

207 information from Gebäueenergieausweis der Kantone (GEAK)  [28] is implemented in 

208 the RM. Finally the CESAR tool outputs results for individual buildings, which include 
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209 current and future energy demands for heating, domestic hot water, cooling and electricity 

210 at an hourly resolution, as well as annual totals of primary energy consumption and GHG 

211 emissions due to the operation of the building and the embodied energy in the building 

212 retrofit measures. Besides operational and embodied energy, economical aspects of the 

213 different retrofit measures are computed.
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214

215 Figure 1 - CESAR Tool workflow and modelling concept

216 2.1. Demand Model (DM)

217 In order to calculate the building level energy demands, collected information on building 

218 geometry, characteristics, internal conditions and geographical location (which is further 



12

219 described below) is processed to define input information for the simulation tool 

220 EnergyPlus [29] for each individual building. The simulation engine EnergyPlus is a 

221 detailed dynamic energy analysis and thermal load simulation tool, which is capable of 

222 simulating loads and systems in the same time step. The advantage of applying an already 

223 well-established building simulation tool at the urban scale lies in the possibility to model 

224 a building in a simplified way in cases of limited available information, but also to have 

225 the option to model the building more in detail if needed. An automated workflow 

226 generates an EnergyPlus input file (IDF-file) for each building including also the 3D 

227 information of neighboring buildings and thus allowing the consideration of building 

228 interactions. By calling the operating system to run the EnergyPlus files, dynamic load 

229 profiles are generated automatically for each building. The process is repeated until loads 

230 for all buildings in a district are simulated. More information on defining the geometry 

231 and additionally relevant input information is provided in the next sections. 

232 2.1.1. Building Geometry

233 Accessible geographical information for Swiss buildings in the form of 2.5D GeoData 

234 [26] is pre-processed through a Geographical Information System, such as ArcGIS [30] 

235 in order to define the geographical coordinates of the floorplan vertices. Based on the 

236 building floorplan and the building height, three-dimensional thermal zones for each floor 

237 of the buildings are created taking floors, walls, roofs and window constructions into 

238 account. 2.5D GeoData of Swiss buildings define not only the building size and shape 

239 itself, but also the absolute geographical location and orientation of each building. This 

240 provides abundant geometrical information for any specific building in a neighbourhood. 

241 Moreover, it allows to incorporate interactions among the buildings in a certain distance 

242 with regards to external shading and solar inter-reflections. According to global 

243 geographical coordinates, buildings in a neighbourhood are clustered within a circular 
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244 area for each building as the origin (see Figure 2). The size of the circular area is case 

245 dependent and can be set by the user. Within each simulation run, the central building is 

246 modelled in detail assuming typically one zone per floor, thereby accounting for multiple 

247 thermal zones within a building. The neighbouring buildings are modelled as shading 

248 objects in order to account for local shading through the buildings but also for beam and 

249 sky solar radiation that is reflected from exterior surfaces which then strikes the central 

250 building. The radius of the area can be modified within the model to fit the building 

251 density of the district. Figure 2 shows the 2D footprint of an example building and its 

252 neighbouring buildings (left), and resulting IDF file generated by the DM (right, 

253 visualized in SketchUp) 

254

255 Figure 2 - Example model input (2D footprint) and visualization of the generated corresponding 
256 EnergyPlus model of a building and its neighbourhood represented as shading objects

257 2.1.2. Building Characteristics 

258 Other, non-geometry related, building characteristics are additionally required. Relevant 

259 input information pertains to building construction, type and usage, as well as building 

260 systems, glazing ratios and infiltration rates. The suggested modelling approach builds on 

261 census data and Swiss building statistics [1], where for each building in Switzerland 

262 information on the building construction year, current heating and domestic hot water 

263 systems and building type is available. In order to use this information for building 
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264 simulation, it has to be further processed. However, input information for most of the 

265 required building characteristics that is reliable and consistently available throughout 

266 Switzerland is difficult to retrieve at individual building level without a detailed analysis. 

267 Therefore, an archetypical approach, which clusters buildings according to building 

268 location, type of building, and year of construction is considered. This archetypical 

269 approach defines material properties, construction settings, glazing ratios and infiltration 

270 rates for groups of buildings of a similar building type (e.g. residential, office,…) and of 

271 a certain construction year period.  As a starting point, only residential buildings are taken 

272 into account.

273 Constructions

274 Construction methods and thus the resulting heat transfer coefficients (U-Values) of 

275 building elements have changed considerably over time. A categorization, which clusters 

276 construction types depending on the year of construction is adopted in the model. 

277 Construction information from literature is integrated in the model, which represent 

278 typical construction types depending on the year and location. Further information on the 

279 approach and literature sources can be found in appendix A. 

280 Building Systems

281 Building systems, such as heating and domestic hot water systems, and their efficiencies 

282 are crucial for the calculation of the final and primary energy consumption as well as the 

283 GHG emissions of buildings. The different available technologies for heating and DHW 

284 exhibit highly diverse efficiencies and emission factors. Census data in Switzerland 

285 include information about energy carriers for heating and DHW systems on building 

286 level. Based on this information, a set of heating systems and their typical efficiencies 

287 aredefined and provided to the DM. Table 2 shows the different available systems and 

288 their average efficiencies in 2015, based on data from the SES 2050 [3].
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289 Table 2 - Average efficiencies of heating and DHW systems in status quo (2015)

System Efficiency Heating Efficiency DHW
Oil boiler 0.860 0.660
Gas boiler 0.928 0.730
Coal boiler 0.740 0.740
Wood boiler 0.723 0.480
Electric heating 0.910 0.785
Heat Pump 3.000 2.728
Solar Thermal 0.860 0.730
District Heating 0.920 0.765

290

291  Glazing ratio

292 In case detailed information on the Window to Wall Ratio (WWR) is available at the 

293 individual building level, a building-specific ratio is considered in the DM. However, 

294 since there is a common lack of WWR data at individual building level, an archetypical 

295 approach based on the year of construction is adopted. Resulting WWR ranges are shown 

296 in appendix B, whereby each building gets a random WWR value within the uncertainty 

297 range assigned based on its year of construction.

298 Infiltration rate

299 Infiltration rates are, likewise WWR and constructions, adopted according to an 

300 archetypical approach. Information on literature sources can be found in appendix B.  

301 2.1.3. Internal Conditions

302 Building energy simulation tools require additional input data to represent the building's 

303 internal conditions regarding the occupants’ presence, activities and their indoor 

304 environment preferences. These inputs are a combination of scalar values (e.g. the 

305 nominal floor area per person (m2/P), the installed lighting capacity (W/m2), thermostat 

306 settings (oC) etc.), and of information about the temporal variation of the occupants’ 

307 presence, activities and indoor settings, usually referred to as schedules. A complete 

308 overview of these parameters is given in appendix C. Such information is  standardized 



16

309 for Swiss buildings in the norm SIA 2024, which contains different values and schedules 

310 according to building usage. 

311 Assigning the same input data to each individual building in a neighbourhood, 

312 though, neglects building diversity in terms of occupant densities, appliance ownerships 

313 etc., but also in terms of the stochastic occupant presence and activity patterns. Such a 

314 practice would result in unnaturally similar energy demand patterns of the buildings, 

315 which when aggregated for the whole neighbourhood would lead to peak energy demands 

316 that are higher than the ones that would occur in reality due to occupant behaviour 

317 diversity. 

318 In order to account for building diversity in the DM, first, a probability distribution 

319 is assigned to each of the scalar values required for the internal conditions of each 

320 building. These are given in more detail in appendix C. Additionally, variability is also 

321 introduced to the occupant presence and activity schedules of each building by generating 

322 a large number of stochastic schedules with a two-step approach described in appendix 

323 C. An example for a day’s nominal and stochastic occupancy profiles for a residential 

324 building is given in Figure 3. Then, in order to reproduce building diversity in the DM, 

325 each individual building in the neighbourhood is assigned different values for the scalar 

326 parameters sampled from their respective probability distributions and different 

327 stochastic schedules.
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328

329 Figure 3 - Exemplary nominal and stochastic occupancy profiles for a residential building in a day

330 2.1.4. Location and weather conditions

331 For the representation of the outdoor conditions, local weather data at hourly resolution 

332 are required. Switzerland disposes of a number of weather stations, which monitor 

333 information on temperatures, relative humidity, solar radiation, wind direction and wind 

334 speed. This information is available through Meteoswiss [31] and already processed by 

335 the weather file software Meteonorm [32]. Based on these data a database of EnergyPlus 

336 weather files (epw) is generated and connected to the DM in order to represent external 

337 weather conditions of relevant locations. 

338 2.2. Retrofit Model (RM)

339 Once the current situation of buildings is analysed with the DM, the Retrofit Model (RM) 

340 allows for an assessment of different future building stock transformation scenarios and 

341 an analysis of the reduction in energy demand and emissions to address targets of 

342 Switzerland [3]. In addition, embodied energy and emissions due to retrofit measures as 

343 well as an estimation of costs for the building stock transformation are computed. The 

344 model offers predefined transformation scenarios based on the SES 2050 [3], namely the 
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345 Business as usual (WWB) and the New Energy Policy (NEP) scenario, but also allows to 

346 implement other user-defined scenarios. The WWB scenario is based on actual trends in 

347 transformations and efficiencies of buildings, energy consumption and production. The 

348 NEP scenario is based on the intended reduction in primary energy consumption and 

349 GHG emissions by 2050 on the way to the 2000-Watt Society. 

350 Beside retrofit measures at the building envelope, future system transformations and 

351 efficiency improvements are taken into account. The assignment of retrofit measures, 

352 such as a retrofit of the building envelope or a replacement of the heating or DHW system 

353 to a building is based on a random selection, following the rates and shares of the 

354 transformation scenarios. This approach is implemented due to the absence of regulations 

355 which would prescribe a retrofit of the worst buildings first.  

356 The RM provides information and results for the following 5 retrofit periods, 2015 -  

357 2020, 2020 – 2030, 2030 – 2035, 2035 – 2040 and 2040 – 2050, while the year 2015 

358 serves as the reference for the retrofit analysis.

359 2.2.1. Retrofit of the Building Envelope

360 To estimate the reduction in space heating demand due to retrofit of the building 

361 envelope, different retrofit rates are considered by the RM depending on the year of 

362 retrofitting and the year of building construction. Assumed retrofit rates (in terms of 

363 percentage of buildings retrofitted) for different construction years are taken from the 

364 SES 2050  [3]. Figure 4 shows an example of average annual overall retrofit rates of 

365 single-family buildings (SFB) for each retrofit period in the WWB and the NEP scenario. 

366 Additionally more detailed assumptions going down to various building parts are taken 

367 from a study about the Swiss building stock [33]. Further details on the approach are 

368 given in appendix D. 
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369

370 Figure 4 - Annual envelope retrofit rates for SFB of different construction years for the five implemented 
371 retrofit periods

372 2.2.2. Retrofit of Building Systems

373 Building systems and their transformation have a significant impact on the primary 

374 energy consumption and GHG emissions of a district. The RM considers various system 

375 developments, including update of heating and DHW systems and changing efficiencies 

376 of future technologies such as lighting and other electrical appliances. 

377 The transformation of the systems are applied to each building independent from system 

378 replacements or building envelope retrofit. This assures that the average Swiss electricity 

379 consumption (due to lighting and appliances) and the average system efficiency (DHW 

380 and space heating) are aligned with the SES 2050. 

381 Lighting Equipment & Electrical Appliances

382 The scenarios of the SES 2050 predict a reduction in the electricity consumption for 

383 lighting due to a replacement of old light bulbs with highly efficient LEDs. For electrical 

384 appliances (e.g. computers, kitchen equipment, mobile phones) it is assumed that 

385 efficiencies will improve.  However, the average number of installed appliances in a 

386 typical household is predicted to increase. Overall, a minor reduction of the nominal 
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387 power density from appliances is expected for future scenarios which has not only an 

388 impact on the total electricity consumption, but also on internal heat gains and 

389 subsequently on the cooling and heating demand of buildings. Respective assumptions 

390 both for lighting and electrical appliances are implemented in the RM. 

391 Heating and DHW system shares and efficiencies

392 In each scenario of the SES 2050, a transformation of the heating and DHW system shares 

393 for future time periods are considered. During each retrofit period, some of the existing 

394 building systems are randomly selected and replaced by new systems in accordance to 

395 annual system shares given in the SES 2050. In the transformation scenarios, it is further 

396 assumed that system efficiencies will improve and therefor the total fuel and electricity 

397 consumption will be reduced. 

398 2.2.3. Future Climate Conditions

399 Climate change is an additional challenge for modelling the energy demand of 

400 existing and new buildings, which has to be taken into account. Buildings need to perform 

401 efficiently and ensure a comfort indoor environment under current and future climate 

402 conditions. Therefore, an additional use of the developed tool is the assessment of climate 

403 change impacts on buildings at urban scales. Using high-resolution regional climate 

404 change projections from the CORDEX project [34], any weather file for any location in 

405 Switzerland (e.g. from Meteonorm) can be transformed into a series of climate change 

406 weather files for every single year until 2100 with the morphing algorithm [35]. Thereby, 

407 climate change weather files are created for a subset of six models1 from the CORDEX 

1 CNRM-CM5-CCLM4-8-17, EC-EARTH-CCLM4-8-17, EC-EARTH-HIRHAM5, EC-

EARTH-RACMO22E, IPSL-CM5A-MR-WRF331F, MPI-ESM-LR-CCLM4-8-17
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408 project and two Representative Concentration Pathways (RCP), namely rcp45 and rcp85, 

409 representing an intermediate and high GHG concentration scenario [36]. These weather 

410 files can be utilized to calculate future energy demand patterns for buildings, investigate 

411 the short and long-term impacts of climate change on the building stock, and develop 

412 retrofitting strategies that ensure optimal building performance for all possible future 

413 climatic conditions. Respective future weather files are collected in a database, which 

414 serves as an input for the RM. 

415 2.2.4. Performance Analysis

416 Energy demands for space heating, DHW, electricity and cooling are simulated at hourly 

417 resolution for an entire year with the DM for the current situation and future retrofitting 

418 strategies. Output information is collected in a database at building level in hourly 

419 resolution for a whole year and is further processed to account also for GHG emissions, 

420 primary energy consumptions and emissions for operation and construction as well as 

421 economic aspects such as investment costs and payback times.  

422 GHG emission and Primary Energy factors

423 Primary energy consumption from non-renewable sources and GHG emissions are 

424 calculated based on the installed systems. In addition, embodied non-renewable primary 

425 energy consumptions and GHG emissions due to retrofit measures including building 

426 envelop retrofit and systems replacement of systems are calculated from a life cycle 

427 assessment viewpoint. Furthermore, primary energy consumption and emission data for 

428 operation and construction is compared to the targets of the 2000-Watt Society which are 

429 shown in Table 1.

430
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431 Due to a continuously increasing electrification of the building heating sector in 

432 Switzerland via the adoption of heat pump systems [37], the electricity mix and its 

433 environmental impact plays a significant role in calculating the total primary energy 

434 consumption and GHG emissions of a district. The Swiss government decided in 2011 to 

435 shut down the nuclear power plants gradually by 2034 [38]. Therefore, other 

436 technologies, in the WWB most likely gas combined cycle power plants and in the NEP 

437 a high share of renewables, will be implemented to cover the electricity supply gap. 

438 This change in electricity production and the effects on the primary energy consumption 

439 and emissions was assessed by [39] for the different scenarios presented in [3], whereby 

440 a differentiation is made between electricity consumption with the supply mix (with trade) 

441 or the production mix (without trade). In the SES 2050 the factors of the supply mix are 

442 considered accordingly.

443 Table 3 shows the predicted trend of the Primary Energy Factors (PEF) non renewable 

444 [MJ-oil-eq/MJ] and the GHG emission coefficients [kg CO2-eq/MJ] for the Swiss 

445 electricity mix as it is implemented in the model for the transformation scenarios WWB 

446 and NEP. The values for 2015 and 2050 are from [39], while the data in-between the 

447 years are linearly interpolated. 

448 Table 3 - Primary Energy Factors & GHG Emission Coefficients for the Swiss Electricity Mix based on the 
449 transformation scenarios NEP and WWB.

2015 2020 2030 2035 2040 2050

PEF NEP 2.630 2.313 1.679 1.361 1.044 0.410

PEF WWB 2.630 2.484 2.193 2.047 1.901 1.610

GHG Emission Coefficient NEP 0.041 0.039 0.035 0.033 0.031 0.028

GHG Emission Coefficient WWB 0.041 0.049 0.064 0.071 0.079 0.094

450

451
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452 Economic Aspects

453 Economic aspects are an important measure to assess the feasibility of different 

454 sustainable retrofit measures. Besides the annual operational costs for fuels, the costs for 

455 building transformations, including retrofit of the envelope and replacement of the 

456 building systems, are calculated. Costs for building envelope retrofit are based on the 

457 retrofitted element area, the required thickness of additional insulation combined with a 

458 cost factor given in [28]. The element area is calculated with the DM, whereas the 

459 insulation thickness of additional layers is extracted from the retrofit construction 

460 database. Costs for building systems are calculated based on the system peak power, 

461 which is an output from the DM, together with cost factor for variable and fixed costs 

462 separately [28].

463 As a result, the final payback time for different retrofit measures (shown in Table 4) are 

464 calculated.

465 The payback time is calculated by accounting the total investment costs and the annual 

466 savings in operational costs. Since future fuel prices are expected to change over time 

467 according to the SES 2050, the rise in fuel prices is also taken into account. The detailed 

468 calculation method is given in appendix E.

469

470 Table 4 - Combinations of retrofit measures for calculating payback times 

Combinations

SH DHW ER SH_DHW SH_ER SH_DHW_ER

Space heating (SH) X X X X
Domestic hot water 
system (DHW) X X X

Envelope retrofit (ER) X X X

471
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472 3. Application on Case Studies

473 3.1 Case Study description

474 Three different residential districts in Switzerland are taken as case studies: an urban and 

475 suburban district in the city of Zurich and a rural district in the village of Zernez which is 

476 located in the mountainous region in Switzerland.

477

478 Figure 5 - Site overview of the case study districts with the colour representing ranges of building 
479 construction year

480 Figure 5 shows the building configuration of the different case study districts with 

481 detailed information on building construction year. District 1 is an urban district, which 

482 consists of 227 multifamily buildings (MFB) in perimeter block development. The 

483 majority of the buildings are built before 1918. District 2 is a typical suburban district, 

484 mainly with detached buildings and a broad range of building ages. District 3 is located 

485 in a rural village and consists of detached, distributed, relative new or newly retrofitted 

486 buildings. District characteristics such as the total number of buildings, number of MFB 

487 and single family buildings (SFB), total floor area and yearly average outdoor 

488 temperature of 2015 are summarized in Table 5. 

489 Table 5 - Case study district characteristics pertaining to number of buildings, MFB, SFB and avg. outside 
490 temperature

Nr. District 
Name # Buildings # MFB # SFB Total floor 

area [m2]
Average outdoor 
temperature [°C]

1 Urban 227 227 0 697’768 9.7°C
2 Suburban 100 78 22 246’076 9.7°C
3 Rural 114 91 23 86’638 7.5°C

491
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492 As a first step, the case study districts are simulated with the DM to generate demand 

493 profiles for the status quo (2015). To demonstrate the reliability of the approach a 

494 comparison between simulated and measured demand data for the rural case study is 

495 performed.

496 Further on, the RM is applied to all three case study districts to assess future energy 

497 performance potentials under the WWB and NEP scenarios of the SES 2050. In addition, 

498 several climate change scenarios are considered to demonstrate the climate impact 

499 specifically on the suburban district considering two different GHG concentration 

500 pathways.

501 3.2 DM Results and Validation

502 Hourly space heating and cooling, domestic hot water and electricity demand is simulated 

503 with the DM. Figure 6 shows simulated hourly heating demand profiles in a day (24hours) 

504 for all buildings of the rural case study district. As it displays, variations in heating 

505 demand by time for each individual buildings are demonstrated. Occurrence of peak 

506 heating demand is different among the buildings due to the varied internal conditions 

507 during modelling. As a result, it avoids the effect of accumulation of simultaneous peaks 

508 for urban scale building simulation studies.

509

510 Figure 6 – Simulated hourly heating demand profiles in 24 hours (01.01.2015) for the buildings in the 
511 rural case study
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512 Since the use of the presented approach by policy and design decision makers depends 

513 strongly on the accuracy of the results, modelling results have been compared to available 

514 measured data from the rural case study. Measured data of the heat and electricity demand 

515 is available on building level, whereby the heat demand includes space heating as well as 

516 the DHW demand and is derived from annual fuel consumption data corrected by system 

517 efficiencies. For the considered buildings the heated floor area is reported by the house 

518 owner. These values sometimes deviate significantly from the building registry data, 

519 which are taken into account for the simulations. Due to this inconsistency some of the 

520 115 buildings are excluded for the validation study, namely those where the floor area 

521 deviation lie above 100 %. More information of the case study district including obtained 

522 measurements is given in  [22]. . 

523 Table 6 shows the measured and simulated district total heat demand of the remaining 78 

524 buildings. Comparing the total heat demand of the complete district, a relative deviation 

525 of only -1.05 % is obtained. Results show that the heating demand at district level can be 

526 predicted quite accurately.

527 Table 6 -  Comparison of simulated and measured total heating demand together with deviation in %.

Measured Simulated Deviation [%]

Total Heating demand  [GWh/Year] 3.366 3.331 -1.05

528

529 Figure 7 shows a comparison of the simulated and measured heat demand at individual 

530 building level, where a much higher deviation is obtained. This is not surprising since the 

531 heat demand significantly depends on a various number of factors, which are hard to 

532 predict on individual building level such as the exact user behaviour, the air leakage 

533 through the building envelope as well as the right construction details. In the simulation, 

534 older buildings tend to show too high heat demand while the heat demand of newer 

535 buildings is typically lower compared to measured data in most of the cases. This could 
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536 be due to different factors, such as too low estimates for heat transfer coefficients of newer 

537 construction elements, too low infiltration rates while, different local climate conditions 

538 between the buildings, or most likely, windows of older buildings got replaced or are of 

539 a better type in reality than estimated in the simulation model, which is not reflected in 

540 the building database. 

541

542 Figure 7 -  Comparison of simulated and measured heating demand at building level

543 3.3 Retrofit of Buildings

544 The two different transformation scenarios WWB and NEP, are applied to the three case 

545 study districts. The amount of retrofitted buildings as well as the impact of the different 

546 scenarios on the energy demand and investment costs are assessed in detail.

547 The districts consist of buildings built within a wide range of construction year periods. 

548 Since retrofit rates are based on the construction year, districts with a bigger share of old 

549 buildings undergo higher transformation rates of the building envelopes. Furthermore, for 

550 older districts, the share of complete retrofits is usually higher than for newer ones. Table 

551 7 shows the percentage of buildings in each district that got an envelope retrofit for both 

552 scenarios separated by complete and partial retrofit by 2050. In the urban case, a relative 
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553 old district, 80% of all the buildings will be retrofitted until 2050 (NEP). In contrast, only 

554 about 50% of the buildings in the rural case with lots of new buildings are retrofitted by 

555 2050 (NEP).

556 Table 7 - Percentage of complete, partial and total retrofitted buildings until 2050 in each district

Partial Retrofit [%] Complete Retrofit [%] Total [%]
WWB NEP WWB NEP WWB NEP

Urban 43.6 26 15.9 54.2 59.5 80.2
Suburban 27 32 17 41 44 73
Rural 22.8 31.6 5.3 18.4 28.1 50

557 3.3.1 Reduction in Demand

558 Figure 8 shows the reduction of the total energy demand of the districts separated by the 

559 heating demand for space heating, DHW and the electricity demand for appliances and 

560 lighting for the current (2015) and two future time steps (2035 and 2050) for both 

561 scenarios (WWB & NEP). 

562

563 Figure 8 - District total Energy Demand and its transformation until 2050 for the different districts and 
564 transformation scenarios

565 The applied retrofit of the building envelope has a significant impact on the total heating 

566 demand for space heating. The reduction in electricity demand is based on the projected 
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567 gain in efficiency of lighting and electrical appliances. The DHW demand is assumed to 

568 be constant in future, due to the assumption that the amount of required liters per person 

569 will not change in the future.

570 To further examine the changes in space heating demand: it shows high reduction in 

571 heating demand of up to 45 % in the NEP scenario by 2050 for urban and suburban district 

572 with older buildings. This is consistent with the high percentage of retrofitted buildings 

573 in those districts. In the rural district, the heating demand is only reduced by 20 % in the 

574 NEP scenario due to high amount of relatively new or already retrofitted buildings.

575  Figure 9 shows the development of specific energy demand per average floor area for 

576 buildings built before 1918. Space heating demand reduction is higher for the urban 

577 district (consisting of more attached buildings) than the suburban district (consisting of 

578 more detached buildings). Moreover, specific heating demand in the rural case is 

579 relatively high, mainly due to the cold climate in the mountainous region. 

580

581 Figure 9 - District average floor area specific Energy Demand and its transformation until 2050 for 
582 buildings built before 1918
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583 3.3.2 System Transformations

584 To examine the changes in system transformation, Figure 10 shows for all districts, 

585 systems that are installed today (2015) and different transformations in the future. In the 

586 urban and suburban districts, oil and gas systems are predominant currently, while in the 

587 rural district a high share of oil and electric heating systems is found. By applying system 

588 development according to SES 2050, it completely transforms the current pattern and 

589 replaces oil, coal and electricity systems with more sustainable solutions such as heat 

590 pumps and solar or biogas based systems. The system transformation has a significant 

591 impact on the reduction in primary energy consumptions and GHG emissions for all 

592 districts.

593

594 Figure 10 - Heating System shares and transformations until 2050 for the three districts and the different 
595 transformation scenarios

596 3.3.3 Primary Energy & GHG Emissions

597 Table 8 shows the district total primary energy consumption and GHG emissions for 

598 operation in 2015 and 2050 as well as their relative change. In the WWB scenario, in all 

599 the districts a reduction of non-renewable primary energy consumption (PEN) of about 

600 60 % can be achieved by 2050, while a reduction of almost 90 % is obtained in the NEP 
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601 scenario. Following the path of the NEP scenario, GHG emissions can be reduced by up 

602 to 80 % until 2050 compared to today’s emissions.

603 Table 8 - Non-renewable Primary Energy consumption & GHG emissions and its transformation until 2050

Total PEN [TJ-eq/year] Change [%]
2015 2050 WWB 2050 NEP WWB NEP

Urban 685.3 278.7 94.8 -59.3 -86.2
Suburban 262.8 105.8 31.5 -59.7 -88
Rural 97.2 29.2 6.8 -70 -93

Total GHG [kt CO2-eq/year] Change [%]
2015 2050 WWB 2050 NEP WWB NEP

Urban 27.2 16.8 6 -38.2 -77.9
Suburban 11.1 6.4 2 -42.3 -82
Rural 2.5 1.7 0.4 -32 -84

604 Figure 11 shows a normalized histogram for each district with accumulated 

605 percentages of buildings in a certain range of PEN consumption for operation in 2050. In 

606 the NEP scenario, more than 80% of the buildings in the urban and suburban district reach 

607 the PEN target of 250 MJ-eq/(m2*year) by 2050 as outlined in Table 1. In the rural district 

608 about 98% of all the buildings reach this target. The percentage of buildings reaching the 

609 PEN target is significantly lower in the WWB scenario with only about 20% for the urban 

610 and suburban district and 40% of the rural case study. As for the GHG emissions, a similar 

611 distribution can be obtained, but fewer buildings reach the target of 5 kg CO2-

612 eq/(m2*year). Only 40% of buildings in the urban and suburban and 76% of buildings in 

613 the rural case study reach the target in the NEP scenario, while no building reaches the 

614 target in the business as usual WWB scenario.
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615 Figure 11 - Percentage of buildings reaching the Primary Energy Consumption target of the 2000-Watt 
616 Society for the WWB and NEP scenarios in 2050

617
618 Figure 12 shows a normalized histogram of embodied primary energy included in the 

619 retrofit measures of the buildings until 2050. Results show that for both scenarios the 

620 2000 Watt society target of 60 MJ-ew/(m2*year) can be reached for all buildings in the 

621 urban case and for around 90-95% for the suburban and rural cases. A similar distribution 

622 and target achievement is obtained for embodied GHG emissions.

623
624 Figure 12 - Percentage of buildings reaching the embodied PEN target of the 2000-Watt Society by 2050 
625 for retrofit measures of buildings (target indicated in red) 

626 3.3.4 Economic Aspects

627 Economic aspects, such as total investment costs and payback times, are an important 

628 indicator in comparing the environmental and economic benefits of different 

629 transformation scenarios. Figure 13 shows the total investment costs for the different 

630 retrofit measures and system replacements in the case study districts for the WWB and 

631 NEP scenario. The transformation measures in the NEP scenario implemented until 2050 

632 are almost twice as expensive as in the WWB scenario. In older districts (urban, 
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633 suburban), system replacement costs account for about 1/4 of the total investment costs, 

634 while in newer districts (rural) costs for new systems account for about half of the total 

635 investment costs since fewer buildings require a retrofit of the envelope. 

636

637 Figure 13 - District Total Retrofit Investment Costs for the different transformation scenarios

638 Table 9 shows the average reduction in annual primary energy consumption that is met 

639 by 2050 on investing one Swiss Franc [CHF]. For the urban and rural scenario, the WWB 

640 scenario shows higher reduction in PEN per invested money. In the suburban case, the 

641 NEP scenario is more beneficial since a higher reduction in primary energy consumption 

642 is obtained for a certain investment. Overall, the most beneficial case according to 

643 primary energy reduction for a certain investment shows the rural district in the WWB 

644 scenario with .‒  4.37 
𝑀𝐽 𝑌𝑒𝑎𝑟

𝐶𝐻𝐹

645 Table 9 - District total reduction in annual Primary Energy Consumption by 2050 for a certain investment

Reduction in annual PEN consumption per CHF    [𝑀𝐽 ‒ 𝑒𝑞
𝐶𝐻𝐹 ]

WWB NEP
Urban - 3.33 - 2.86
Suburban - 2.44 - 2.63
Rural - 4.37 - 3.23

646

647 Table 10 shows the average payback time of the six different retrofit combinations (see 

648 Table 4), excluding negative payback time that can occur in case of a system change to a 



34

649 more expensive fuel (e.g. oil to gas). Results show that a replacement of both systems for 

650 space heating and DHW (SH_DHW) at the same time step is usually more beneficial than 

651 just replacing the space heating system (SH). Furthermore, a retrofit of the envelope (ER) 

652 also shows quite a short payback time, which is mostly lower if combined with a system 

653 replacement (SH_DHW_ER) at the same time step.

654 Table 10 - District average Payback Times for different retrofit combinations in [Years]

SH DHW ER SH_DHW SH_ER SH_DHW_ER
WWB

Urban 20.5 8.8 10.7 17.0 - 9.0
Suburban 15.5 - 16.9 13.8 - 16.0
Rural 7.8 15.0 20.9 14.5 - 13.7

NEP
Urban 18.4 5.9 12.7 12.2 9.0 14.5
Suburban 17.0 11.1 16.0 13.0 10.0 18.0
Rural 25.3 13.7 20.3 10.8 - 16.0

655

656 The payback time of retrofit measures at the envelope (ER) are correlating with building 

657 age. In the older districts (Urban & Suburban) a shorter payback time is obtained while 

658 in the newer district (Rural) the payback time is significantly longer. Therefore, the 

659 relative retrofit costs compared to its reduction in demand are higher for newer buildings 

660 with an already well insulated envelope. Combining retrofit of the envelope with system 

661 replacements, payback times are dependent on the building age as well as on the systems. 

662 Overall, the payback time for system replacements is highly dependent on the previous 

663 and new system and its efficiency and fuel costs. The gathered data allows for a detailed 

664 analysis of the most sustainable and financially beneficial retrofit measures on building 

665 level by comparing different combinations of system change and envelope retrofit.

666 3.4 Effects of climate change

667 The suburban district in Zurich is considered for the assessment of the climate change 

668 impact on energy demand and emissions of a district. For the analysis, future climate 
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669 scenarios from the HIRHAM climate change model for the GHG concentration pathways 

670 rcp 4.5 and rcp 8.5 are compared to the scenario without any climate change.

671 Table 11 shows the average monthly outdoor dry bulb temperature of the standard climate 

672 scenario without climate change and the temperature data from the HIRHAM rcp 4.5 and 

673 rcp 8.5 scenario in 2050. The annual average temperature is rising from 8.17 °C in the 

674 standard scenario to 9.5 °C in the HIRHAM rcp 8.5 scenario. While in the rcp 4.5 scenario 

675 in almost every month the average temperature is higher than in the standard scenario, 

676 the rcp 8.5 scenario shows higher fluctuations in temperatures with significantly warmer 

677 summer months but also some colder winter months.

678 Table 11 - Average monthly outside Dry Bulb Temperatures [°C] for different climate change scenarios

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec avg

Standard 0 1 4 7 11 14 17 16 14 9 4 1 8.17

Rcp 4.5 1 4 7 9 12 14 18 17 14 10 3 1 9.17

Rcp 8.5 2 5 2 9 10 17 19 20 16 9 7 -2 9.5

679 Figure 14 shows the annual average number of hours where cooling is required in a 

680 residential building to prevent overheating. In the Standard climate scenario, in only about 

681 200 hours (~ 8 days) throughout a complete year, space cooling is necessary to keep the 

682 indoor temperature below the cooling set point, which is defined as 26°C. This relatively 

683 small number is the reason why there is typically no cooling system installed in residential 

684 buildings today. However, results show that overheating hours will change considerably 

685 in future. 
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686

687 Figure 14 - District average annual Cooling Load Hours

688 Without any climate change, the amount of hours when cooling is required is doubled in 

689 the WWB scenario and tripled in the NEP scenario until 2050. This could be due to better 

690 insulated buildings and tighter envelopes, which on the one hand reduce the heating 

691 demand in winter due to less heat loss through the façade but also keeps internal heat 

692 gains enclosed in the building during summer time. This effect could be reduced by 

693 increasing ventilation rates, which is presently not taken into account in the model, but 

694 could be incorporated.

695 Due to climate change and higher annual temperatures in average, the number of hours 

696 when cooling is required is increased to more than 1000 hours in the HIRHAM rcp 8.5 

697 scenario (about 41 days per year). Therefore, it is likely that in future, depending on the 

698 actual climate change, cooling of residential buildings will be crucial to maintain a 

699 comfortable indoor climate.

700 According to the total heating demand for space heating in 2050, the climate change 

701 scenarios shows lower demand of about - 11% (rcp 4.5) respectively - 4% (rcp 8.5) 
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702 compared to the scenario without climate change due to higher outdoor temperature in 

703 winter.

704 4 Conclusion

705 The presented CESAR modelling tool offers an easy but comprehensive approach to 

706 model the present and future energy performance of buildings in districts or even 

707 complete cities and communities in an automated way. Fast access to simulated hourly 

708 resolved energy consumption data, primary energy and GHG emissions as well as 

709 embodied energy and costs due to future transformations of districts is provided. The 

710 resulting data allows to further assess the development of distributed energy systems by 

711 offering detailed current and future demand profiles for energy hub models. 

712 Furthermore, different future transformation scenarios and their impact on real districts 

713 and building configurations can be compared to each other. This is crucial for the 

714 evaluation of sustainable retrofit measures and the assessment of saving potentials in 

715 energy demand, primary energy consumption and GHG emissions. The detailed and 

716 complete set of results, including energy demand, systems, embodied energy, costs for 

717 retrofit and amortization times allows to detect the most viable transformation measures 

718 according to environmental and economic aspects. The flexibility of the method further 

719 allows to model political strategies and their effect on the energy demand of the building 

720 stock. Besides that, the model offers the possibility to assess the performance of buildings 

721 and their energy demand under different climate change scenarios.

722 Comparing the three different case studies in Switzerland and their future transformation 

723 under the WWB and NEP scenario reveals a high difference according to future energy 

724 consumption and emissions. The impact of the different scenarios is highly dependent on 

725 the existing district configuration (building types, building age, location, construction and 
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726 neighbourhood) as well as on the existing system types. According to the 2000-Watt 

727 society targets for 2050, only under the NEP scenario a reasonable amount of buildings 

728 is reaching the target for PEN and GHG emissions until 2050, neglecting the impact of 

729 climate change, which causes a significant increase in cooling demand. To cope with 

730 newly evolving energy demands for cooling of residential buildings, sustainable and 

731 energy-efficient solutions are required to reach the targets of the 2000-Watt society.

732 Economically, in most of the cases, the retrofit measures are financially beneficial and 

733 the invested money is payed back by savings in operational costs already after a few years. 

734 5 Outlook

735 There are numerous of possibilities to further improve and extend the model. A big step, 

736 which is planned, is to add other building types, such as office or administrative buildings 

737 to the model. This requires additional input parameters describing constructions, internal 

738 gains and retrofit transformations for those building types. Additional improvements 

739 pertain to the reduction of active cooling loads through integrating night ventilation 

740 schemes and the adoption of blinds and their associated deployment schedules.

741 The selection of buildings that are retrofitted and get a new heating system could be 

742 modified to follow a “worst-buildings-first” approach instead of a random selection. In 

743 such a scenario, the buildings with the highest floor area specific energy demand for space 

744 heating would be retrofitted first. A further avenue, which will be explored in the future, 

745 is to link the CESAR model with an energy hub optimisation model [40,41], which allows 

746 to select next to the optimal envelope retrofitting scenario also the optimal system 

747 selection for each individual building. 
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752 Appendices

753 A. Construction information

754 Construction information for wall, roof and basement until 1994 are based on  [42] , and 

755 from 1994 until 2007 are based on Bauteilkatalog [43], which are combined with typical 

756 insulation thickness values extracted from [44]. 

757 For newer constructions, standard configurations from the Bauteilkatalog are combined 

758 with a certain insulation thickness to reach Swiss standards for new built buildings based 

759 on the norm SIA 380 [45]. This norm provides minimal and target requirements, where 

760 the minimal requirements have to be met according to Swiss building regulations, while 

761 the target values define the goal according to insulation properties of construction 

762 elements. The insulation properties of the newest constructions are based on the minimal 

763 normative requirements (buildings built between 2010 and 2014) until the target 

764 normative requirements (buildings built later than 2014). The obtained U-Values of the 

765 construction setup for buildings built after 2010 are in accordance with measurements 

766 performed in Zurich [46]. Typical material values for wall, roof and basement 

767 constructions are based on an online database [47].

768 U-Values of windows are based on [48] and again verified by measured values from [46]. 

769 The layers of windows, including the material specifications, are computed with the 

770 Berkeley Lab Window 7.4 software [49].
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771 Buildings and constructions are categorized into nine construction year periods. To 

772 represent the variation of constructions within the same age class according to materials 

773 and insulation properties, multiple, slightly varying construction setups for walls, 

774 windows, roofs and basements are available for each construction year period. Upon user 

775 preference, a construction element within one age class is either randomly assigned to a 

776 building, or an element with a nominal insulation value for each age class can be selected 

777 which ensures comparability between different simulation runs. Figure A. 1 shows the 

778 nominal heat transfer coefficients (U-Values) of the different elements for the 

779 implemented construction year periods. Available materials and constructions are 

780 structured into a database, which is linked to the DM and used to assign constructions to 

781 the individual IDF files. 

782

783 Figure A. 1- Nominal U-Values of construction elements for the 9 available construction year periods

784 B. Infiltration rates

785 Figure B. 1 shows infiltration rates together with window to wall ratios (WWR) for all 

786 building age categories. Infiltration rats for buildings built until the year 1994 are based 
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787 on [50] and complemented until 2014 based on an interpolation between the last value 

788 from [50] and the Minergie minimal requirement of 0.05 ACH [51]. This approach is 

789 based on the assumption, that newer buildings (> 1978) generally have a tighter building 

790 envelope. 

791

792 Figure B. 1- Archetypical WWR range in blue with the mean WWR in orange and the Infiltration Rate in air 
793 change rate per hour (ACH) in green for the 9 construction year periods.

794 C. Internal conditions

795 The set of scalar parameters required by the DM to represent the internal conditions of 

796 the building includes: (i) the nominal floor area per person (m2/P), (ii) the installed 

797 lighting capacity (W/m2), (iii) installed appliances capacity (W/m2), (iv) hot water 

798 demands (W/m2), (v) thermostat settings (oC), and (vi) required ventilation rates 

799 (m3/m2/h). Additionally, information about the temporal variation of all of these aspects 

800 is required in the form of hourly schedules for a full year. 

801 As was discussed in Section 2.1.3, in order to represent building diversity, probability 

802 distributions are assigned to each of the aforementioned scalar parameters. For the first 

803 four scalar parameters mentioned above, the norm SIA 2024 [52] provides nominal values 

804 as well as a range in which they are expected to fall. Using this information, a triangular 

805 distribution is assigned following the approach in [53] with the nominal value being the 

806 distribution’s mode and the range used for the minimum and the maximum values of the 
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807 distribution. For the last two parameters, namely the thermostat and the ventilation 

808 settings, normal distributions are assigned similarly to [54,55]. The nominal value for 

809 SIA 2024 is used as the mean, while the standard deviations are taken as 1 oC for the 

810 thermostats and 10% of the mean value for the ventilation settings.

811 Regarding the second type of input, namely the occupancy and activity schedules, SIA 

812 2024 provides typical daily schedules for occupancy and appliance usage, assumed to be 

813 repeated for each day of the year (with the exception of weekends for some building 

814 types). The schedules for lighting, hot water, thermostat and ventilation settings are 

815 assumed to be the same as the occupancy schedule (with the exception of night hours 

816 when lighting and hot water is not used). Starting from this ‘nominal’ yearly schedule, 

817 we introduce the desired variability in two steps: the first is labelled as vertical variability 

818 and it consists of randomly perturbing each hourly value around its nominal value (e.g. 

819 by 15%). This, for instance, leads to a differentiation of the number of people present ±

820 at 3pm in an apartment from day to day. The second step is labelled as horizontal 

821 variability. The approach consists of the creation of blocks of hourly periods for the 24 h 

822 of each day (e.g. [00:00–06:00], [07:00–09:00], etc.) and within these blocks shuffling 

823 the nominal schedules values with each other. This approach allows us to maintain the 

824 order of actions causing specific energy patterns (e.g. processes happening in the morning 

825 versus processes happening at noon) while introducing some randomness within the 

826 blocks (e.g. the lights for a room could be turned on at 7 am on one day and at 8 am on 

827 another). Overall, thus, taking the usage of appliances as an example, from one day to the 

828 other, the number of appliances being turned on will differ in terms of time, but also in 

829 terms of power required. By repeating this process for each building type, we create a 

830 bank of all the schedules required, from which we can sample a different schedule for 
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831 each building, hence, creating a variation among buildings in the temporal dimension as 

832 well.

833 D. Retrofitting assumptions

834 Element specific retrofit rates are given in [33] for flat roofs, pitched roofs, walls, 

835 windows and ground floors as annual rates for different retrofit periods separated by the 

836 construction year. The annual retrofit rates for flat roofs and pitched roofs are averaged, 

837 since the exact roof type is not known in the model. Table D. 1 shows aggregated retrofit 

838 rates for buildings built between 1975 and 1985 for the retrofit periods, which are 

839 available in the RM. For this example: Between 2015 and 2020, 12 % of the buildings 

840 get a retrofit of their windows, 4 % get a retrofit of their walls, 5 % get a retrofit of their 

841 roof and 2.5 % get a retrofit of their ground floors. But these rates do not state, how many 

842 buildings get a retrofit combination of multiple elements. 

843 Table D. 1- Aggregated retrofit rates in [%] for different construction elements and retrofit periods for 
844 buildings built before between 1975 and 1985

2015 - 2020 2020-2030 2030-2035 2035-2040 2040-2050

Window 12.0 20.0 6.5 6.5 5.0

Wall 4.0 8.0 3.0 3.0 3.0

Roof 5.0 9.0 3.2 4.0 6.5

Floor 2.5 5.0 2.5 2.5 5.0
845

846 To extract retrofit rates for element combinations, it is assumed, that as many elements 

847 as possible are retrofitted at the same building in the same period by maintaining the 

848 shares indicated in Figure D. 1. Element specific retrofit rates from [33] are given only 

849 for four different construction year periods, namely < 1947, 1947 – 1975, 1975 – 1985, 

850 1985 – 2000, while the SES 2050 [3] provides such overall retrofit rates for much more 

851 construction year periods. Therefore, the rates for element retrofit combinations are 

852 transformed by using Eq. (D.1) to the shares for the different combinations.  Eq. (D.1)  
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853 gives an example for the share of complete retrofitted buildings in the retrofit period 2015 

854 – 2020 and built between 1975 and 1985.

855     (D.1)𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑅𝑒𝑡𝑟𝑜𝑓𝑖𝑡 𝑆ℎ𝑎𝑟𝑒 =  
𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑅𝑒𝑡𝑟𝑜𝑓𝑖𝑡 𝑅𝑎𝑡𝑒𝑆𝑤𝑖𝑠𝑠 𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑆𝑡𝑜𝑐𝑘

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑅𝑒𝑡𝑟𝑜𝑓𝑖𝑡 𝑅𝑎𝑡𝑒𝑆𝑤𝑖𝑠𝑠 𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑆𝑡𝑜𝑐𝑘
∗ 100 =

2.5 %
12 % ∗ 100 = 20.8 %

856 As an example, Figure D. 1 shows all these partial retrofit shares of the possible 

857 combinations of envelope elements for single family buildings (SFB) built between 1975 

858 and 1985 for the 5 retrofit periods in the WWB scenario. 
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860 Figure D. 1 - Partial retrofit shares in the WWB scenario for the 15 envelope element combinations for 
861 SFB’s built between 1975 and 1985

862 Finally, assumptions on partly retrofit rates together with the overall retrofit rates from 

863 the SES 2050 are provided to the RM, where the actual rate for buildings that get a 

864 complete retrofit is derived by Eq. (D.2)

865 (D.2)𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑅𝑒𝑡𝑟𝑜𝑓𝑖𝑡 𝑅𝑎𝑡𝑒 =  
𝐶𝑜𝑚𝑝𝑙𝑒𝑡𝑒 𝑅𝑒𝑡𝑟𝑜𝑓𝑖𝑡 𝑆ℎ𝑎𝑟𝑒

100 ∗ 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑅𝑒𝑡𝑟𝑜𝑓𝑖𝑡 𝑅𝑎𝑡𝑒𝐸𝑛𝑒𝑟𝑔𝑦𝑆𝑡𝑟𝑎𝑡𝑒𝑔𝑦

866

867 In case of a retrofit of the building envelope, additional insulation is added to the original 

868 constructions until required U-Values for retrofitted constructions according to SIA 380 
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869 are met. The resulting retrofit constructions are structured in a database similar to the non-

870 retrofitted constructions and linked with the RM.

871 E. Economic analysis for payback time calculation

872 The detailed calculation methodology is described for the Case SH_ERas an example, 

873 where the envelope is retrofitted and in the same retrofit period the space heating system 

874 is replaced. As investment costs , the total costs for the retrofit of the envelope and 𝐶𝐼𝑛𝑣𝑒𝑠𝑡

875 the replacement of the heating system are considered. The annual operating respectively 

876 fuel costs before retrofit , with respect to the rise in price, can be calculated 𝐶𝑜𝑝,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡

877 by Eq. (E.1) for any future year . Since retrofit measures at the envelope only have an 𝑡

878 impact on the heat demand, the heat demand before retrofit  is used 𝑄ℎ,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡 [𝑘𝑊ℎ
𝑌𝑒𝑎𝑟]

879 together with the cost factor of the heating fuel , the annual rise in 𝑐ℎ𝐹𝑢𝑒𝑙,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡 [ 𝑅𝑝.
𝑘𝑊ℎ]

880 price factor  and the efficiency  of the previous 𝑟𝑝ℎ𝐹𝑢𝑒𝑙,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡 [%] 𝜂ℎ𝑆𝑦𝑠,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡 [%]

881 heating system.

882       (E.1)𝐶𝑜𝑝,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡(𝑡) =
𝑄ℎ,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡

𝜂ℎ𝑆𝑦𝑠,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡
∗

𝑐ℎ𝐹𝑢𝑒𝑙,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡

100 ∗ (𝑟𝑝ℎ𝐹𝑢𝑒𝑙,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡)
𝑡       [𝐶𝐻𝐹

𝑌𝑒𝑎𝑟]
883 Eq. (E.2) is used to derive the operating costs after retrofit  , which is based on 𝐶𝑜𝑝,𝐴𝑓𝑡𝑒𝑟𝑅𝑒𝑡

884 the heat demand after retrofit of the envelope and the efficiency, fuel cost factor and the 

885 rise in prices factor of the new heating system.

886       (E.2)𝐶𝑜𝑝,𝐴𝑓𝑡𝑒𝑟𝑅𝑒𝑡(𝑡) =
𝑄ℎ,𝐴𝑓𝑡𝑒𝑟𝑅𝑒𝑡

𝜂ℎ𝑆𝑦𝑠,𝐴𝑓𝑡𝑒𝑟𝑅𝑒𝑡
∗

𝑐ℎ𝐹𝑢𝑒𝑙,𝐴𝑓𝑡𝑒𝑟𝑅𝑒𝑡

100 ∗ (𝑟𝑝ℎ𝐹𝑢𝑒𝑙,𝐴𝑓𝑡𝑒𝑟𝑅𝑒𝑡)
𝑡       [𝐶𝐻𝐹

𝑌𝑒𝑎𝑟]
887 The payback time  is calculated by Eq. (E.3) which is basically the division of the (𝑃𝑇)

888 invested costs by the accumulated savings in operational costs from before to after retrofit 

889 of the envelope and replacement of the heating system.

890 (E.3)𝑃𝑇 =
𝐶𝐼𝑛𝑣𝑒𝑠𝑡

∑
𝑡 = 1:𝑃𝑇(𝐶𝑜𝑝,𝐵𝑒𝑓𝑜𝑟𝑒𝑅𝑒𝑡(𝑡) ‒ 𝐶𝑜𝑝,𝐴𝑓𝑡𝑒𝑟𝑅𝑒𝑡(𝑡))                       [𝑌𝑒𝑎𝑟𝑠]   
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891 Since Eq. (E.3) cannot be explicitly solved, an iterative approach is applied. A similar 

892 calculation methodology is implemented for the other five measures.
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