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Abstract 
In energy planning of districts, it is often unclear what 
energy supply options are available and what influence 
different technology options have, including demand 
reduction through energy renovation.  
Thus, the use of a simulation and optimization tools is 
explored in the planning process of a specific case study 
in Switzerland. Four different scenarios were developed 
and annual life cycle costs (LCC) as well as CO2 
emissions, are proposed. The results of the respective 
scenarios are categorized and compared according to CO2 
emissions and LCC. It becomes clear that for CO2 
emissions, there is a large reduction potential (up to 90%) 
with different LCC. 
Highlights 

• The paper showcases the use of building 
performance optimization in a real case. 

• The results will be useful to further improve the 
dialogue among and between different 
stakeholders. 

• The results will be useful to further improve the 
software and communication platform.  

Introduction 
To achieve decarbonization goals in the built 
environment, a combination of energy efficiency 
upgrades and renewable energy use is necessary on a 
district or city scale. Building retrofitting can reduce 
demand, while renewable energy aims to decarbonize the 
energy supply. However, the technical solutions alone are 
insufficient to achieve the targeted renovation rate in 
Europe, as barriers such as renovation cost, access to 
finance, complexity, awareness, stakeholder 
management, and supply chain fragmentation still exist 
(Artola et al. 2016; Laffont-Eloire et al. 2019; BPIE 2011; 
Artola et al. 2016; Seddon et al. 2004). 
District renovation has the potential to significantly 
reduce greenhouse gas emissions, but it requires a 
thorough Energy Master Planning process and support for 
decision-making. To reduce emissions, energy use must 
be reduced by implementing efficiency measures in the 
renovation of buildings, and decarbonization of the 
energy supply through on-site renewable energy measures 
must be explored. Simulation and optimization tools can 
help identify the best options for both reducing energy use 
and decarbonizing the energy supply. 

Stakeholders, including homeowners, must be engaged in 
long-term investment strategies to achieve 
decarbonization goals. Applying Building Performance 
Simulation (BPS) and optimization tools can help 
simulate different options and identify the best strategies 
for achieving decarbonization goals (Haase and Lohse 
2019; (Sharp et al. 2020). Several attempts have been 
made and provide increasing knowledge about urban 
energy modelling and simulation and optimization of its 
energy systems (Domínguez-Muñoz et al. 2011; 
Marquant et al. 2017; Jenabi et al. 2014; Hamdy et al. 
2014; Parisio et al. 2011; Chen et al. 2014; Mavromatidis 
et al. 2018). 
In this respect, a new approach is proposed that combines 
energy planning elements as well as renovation scenarios 
in one process. To evaluate which energy supply solution 
is most suitable for the settlement, a compilation of 
several scenarios was carried out, compared, and 
categorized according to CO2 emissions and life cycle 
costs (LCC). By combining BPS with energy supply 
optimization in one workflow the investors are better 
informed for their decarbonizing plans. This involves 
both, strategic investments into the building envelope and 
into the energy supply system (and fuel decisions). 
Optimization process 
The optimization process in energy master planning 
involves identifying and implementing the most effective 
and cost-efficient energy efficiency measures and 
renewable energy systems to achieve the desired energy 
management goals. It typically involves several steps: 

• Data collection: Gathering and analyzing data on 
energy usage, building systems, and operations. 

• Energy audits: Conducting a detailed analysis of 
energy consumption patterns, identifying areas 
of high energy usage, and evaluating the 
efficiency of building systems. 

• Energy modeling: Using software tools to model 
energy usage and identify potential energy 
savings opportunities. 

• Options analysis: Evaluating different energy 
efficiency measures and renewable energy 
options to determine the most effective and cost-
efficient solutions. 

• Prioritization: Prioritizing energy efficiency and 
renewable energy measures based on their 
potential impact, cost, and feasibility. 

                                                                                                                                             

 

 

Proceedings of the 18th IBPSA Conference                                                                                                                     

Shanghai, China, Sept. 4-6, 2023                                                                 

 

 

2905
https://doi.org/10.26868/25222708.2023.1635



 

 

• Implementation: Implementing energy 
efficiency and renewable energy measures, 
including equipment upgrades, retrofits, and 
installation of renewable energy systems. 

• Monitoring and verification: Tracking and 
verifying energy savings to ensure that the 
implemented measures are achieving the desired 
results. 

Several attempts to develop ooptimization-based 
planning of local energy systems have been documented. 
This has led to a range of methodologies, which may be 
combined or adapted depending on nature of the problem. 
Most commonly, the problem is formulated as one of cost 
minimization (Cai et al. 2009, Zhang et al. 2014; Omu et 
al. 2013). The problem to be solved in the optimization is 
formulated as a linear or mixed-integer linear program 
(Bollinger et al. 2019).  
The optimization process in energy master planning is an 
iterative process, and it may involve revisiting earlier 
steps as new data and information become available or as 
goals and priorities change. By optimizing energy usage 
and reducing energy consumption, organizations can 
lower their energy costs, reduce their carbon footprint, 
and achieve long-term sustainability goals (Morvai et al. 
2016). Variables in optimization commonly include the 
input and output energies of conversion and storage 
technologies per timestep and the capacities of these 
technologies (Fazlollahi et al. 2014). Mixed-integer 
formulations are necessary for cases in which binary 
variables are required to represent the installation of the 
specific components or their operation within a given 
timeframe. Less commonly programming approaches are 
combined with meta-heuristic approaches – in particular 
generic algorithms – in the context of a bi-level approach 
as a basis for enabling the solution of more complex 
problems (Knowles and Nakayama 2008; Talbi 2013). 
Simulation environment 
Modelica was used for detailed simulations of the 
performance of buildings with coupled energy systems 
(Allan et al. 2019; Wetter et al. 2015). The results from 
these detailed simulations are then used to train a library 
of models, which aim to predict a performance profile 
faster, and without a significant loss of accuracy, 
compared to the detailed simulation model. The stages of 
the approach are as follows: 1. Creation of the envelope 
component using archetype data 2. Connection of systems 
inside the Modelica model using a Python wrapper 3. 
Simulation of Modelica model in JModelica to generate 

energy profiles 4. Training of an SVR model using the 
simulation results 5. Prediction of a demand profile from 
new input data using the trained model (Allan et al. 2019. 
The objective was to extend the approach by devising 
energy supply solutions for buildings and districts that are 
optimized for efficiency. To create a scenario, the energy 
demand at the selected location, as well as imported 
energy and resources, must be specified, along with 
potential conversion, storage, and distribution 
technologies. An optimization algorithm then evaluates 
thousands of potential supply systems, resulting in two to 
four solution variants for each scenario. 
The analysis of the solutions is based on two variables: 
the annual life cycle costs (LCC), which includes all 
technical measures proposed, and the CO2 emissions. 
Structural optimization measures, such as enhancing the 
building envelope's energy efficiency, were considered as 
improved values resulting from structural renovation 
measures on the building. This heat demand reflects the 
heat demand of a building that has been renovated 
according to a specific building standard. 
Optimization algorithms 
The simultaneous optimization with respect to multiple 
objectives – multi-objective optimization – is most often 
enabled through the use of an epsilon (ε)-constraint 
method [13], in which a pareto front of optimal solutions 
is built up by optimizing with respect to costs and 
constraining a second variable to sequentially higher or 
lower values (Alarcon-Rodriguez et al. 2010). Sympheny 
is a planning and simulation software that applied this 
method and can be used to input data and the software 
then calculates the most suitable energy supply solutions 
for the selected site and the defined scenario (Allan et al. 
2019). Figure 1 illustrates the approach. 

 
Figure 1: Optimization principles. 

Figure 2: As-built district energy system. 
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The calculated energy system of the first option is thus 
always designed for a minimum life cycle cost, while the 
energy system of option 4 has the lowest possible CO2 
emissions. The two intermediate optimization options 2 
and 3 are targeting both variables (Bollinger et al. 2019). 
This approach allows to set up several scenarios and 
determine the pareto curve for each scenario. Klaiber and 
Haase (2022) reported on this process for a case study in 
Switzerland (Klaiber and Haase, 2022). 
It was based on a settlement located near the city of 
Winterthur in the North of Switzerland. It consists of 8 
buildings containing between 6 and 9 residential row 
houses each, built in 1972 and 1974. Figure 2 shows the 
actual state of the settlement in an energy flow diagram. 
Heating 30-40 °C (Demand)' and 'Heat 60-70 °C 
(Demand)' refer to the settlement's demand for heating 
energy in the form of hot water at 30 to 40 °C and 
domestic hot water at 60 to 70 °C. Figure 3 shows the 
monthly energy demand for the as-built scenario. 

 
Figure 3: Monthly energy demand of as-built scenario. 
Set-up of scenarios for optimization 
To decarbonize the built environment, renovation 
strategies on building level need to be a combination of 
energy efficiency upgrades and renewable energy, and to 
make a meaningful impact these renovations often need 
to be deployed at the district or city scale. IEA Annex 75 
(2017) sets off to define a methodology to identify which 
strategies are most energy-saving and cost-effective when 
applying both energy efficiency and renewable energy 
measures. By combining energy efficiency and renewable 
energy sources, the approach must address both energy 
supply and demand in the built environment. In this sense, 
building retrofitting is an appropriate strategy to reduce 
demand, while the use of renewable energy aims at 
decarbonising the energy supply system. The EU’s 
framework called the “Clean energy for all Europeans 
package” highlights the need to increase the energy-
efficiency of buildings through renovation, while leading 
the uptake of renewable energy (European Commission, 
2019). Three different options are thus important to bring 
in as scenario: 

• Scenario 1 that determines the energy efficiency 
of the building energy demand. 

• Scenario 2 which determines the 
decarbonization potential of the energy supply 
options. 

• Scenario 3 as a combination of the both scenarios 
mentioned above (scenario 3) 

Scenario 1 
In this scenario only the building envelope was improved. 
In the first step, Scenario 1.1, the load reduction was 
calculated. These were calculated according to Swiss 
norms and other work (Minergie, Haase 2022). Table 1 
gives an overview of the different measures including 
investment costs. The first three measures can be added 
up, while the fourth meature (PVT) can be used instead of 
the third measure (PV). Haase (2022) reported on the 
different renovation options and their payback period 
(Haase 2022). 

Table 1: Renovation measures with investment costs. 
Renovation 

measure 
Description  Investment 

costs (CHF) 
roof  tiles + wind barrier + 30cm 

insulation + vapour barrier 
653158 

facade  + new windows + insulation 
panels + doors 

705944 

ventilation  Ventilation unit + heat 
exchanger + ductwork 

324602 

PV 1339 PV modules + 
fastening structure + 

inverter + cabling 

709322 

PVT 1339 PV modules + inverter 
+ cabling, partly integrated 
with 354 m2 solar thermal 
collector modules  solar 

thermal collector + piping + 
storage tank 

852422 

The renovation measures then provide a reduced heat 
demand for the district as shown in Figure 4. The as-built 
scenario is here named scenario 0 (as a starting point). It 
can be seen that energy demand and peak loads are 
considerable reduced. The original heat demand of 
721500 kWh was reduced to 197163 kWh (Minergie). 

 
Figure 4: Heat demand of scenario 0 (as-built) and 
scenario 1. 
Scenario 2 
In this scenario all possible final energy sources as well 
as conversion and storage technologies for the settlement 
were put into the system to find the most suitable energy 
supply solutions (Figure 5). In contrast to scenario 1, the 
aim of this scenario was to optimize the settlement purely 
based on technical measures, which mainly concerned 
energy generation. In addition to the heating oil and 
electricity already in use,  
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• wood pellets,  
• wood chips,  
• geothermal energy and 
• solar energy  

need to be added as final energy sources.  
Figure 5 also shows the conversion technologies (the oil 
boiler for the heating oil, the pellet boiler for the wood 
pellets, the wood chip boiler for the wood chips, solar 
thermal as well as photovoltaic systems for the solar 
energy and a brine-water heat pump with geothermal 
probes for the geothermal energy). In addition, a hot water 
storage tank, a battery for the photovoltaic system and a 

heating buffer were selected as storage technologies. 
Furthermore, in this scenario the local constraints need to 
be taken into consideration (storage tanks and tanks were 
limited according to the real space conditions for the 
calculations of the district, so that they are not over-
dimensioned). In the case study, a maximum size of 
74000 litres was set for the wood chip or pellet tank, 
which corresponds to the volume of one of the already 
existing heating oil tanks. The other heating oil tank with 
74000 litres was used for the heating buffer. The storage 
capacity of the battery was limited to 100 kWh and the 
heating buffer to 10000 litres. 

Figure 5: Optimized district energy system (scenario 2). 
 

Figure 6: Life-cycle costs of Optimized district energy system (scenario 2). 
 

Figure 7: Investment costs of Optimized district energy system (scenario 2). 
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The investment and life-cycle costs (LCC) of the four 
optimized options are shown in Figure 6 and Figure 7. The 
first option with woodchip heating has relatively high fuel 
and energy costs. However, the maintenance and 
operating costs are the lowest. In addition, the 
maintenance and operating costs as well as the fuel and 
energy costs always increase and decrease approximately 
equally with increasing investment costs. An increase 
corresponding to the increasing investment costs with 
each option can also be recorded for the income generated 
by the feed-in tariff with the photovoltaic system. The 
total LCC of the first option amount to about 61000 CHF, 
while the investment costs of the fourth option, minus the 
feed-in tariff, amount to about 200000 CHF. 
Scenario 3.1 
This scenario is structured almost identically to the 
scenario 2, combined with energy renovation measures of 
the building envelope from scenario 1. Furthermore, the 
storage facilities are again limited in this scenario.  
Figure 8 and Figure 9 show investment costs and LCC of 
the measures implemented as result of the second 
optimization. The costs of the energy renovation are not 
included. In option 1, only a woodchip heating system 
with a small-scale photovoltaic system and battery was 
implemented, with total investment costs of just under 
135000 CHF. In the second option, a large solar thermal 
system is added, whereby the photovoltaic system with 
battery was also dimensioned larger. The investment costs 
thus amount to almost 460000 CHF. The third option 

shows that a geothermal heat pump with heating buffer 
was also installed, which accounts for almost 33% of the 
investment costs. The size of the solar thermal system and 
the woodchip heating system was reduced, while the 
dimensions of the photovoltaic system were greatly 
increased and now account for almost 40% of the 
investment. In total, the investments of this option amount 
to slightly more than 871000 CHF. The fourth option 
shows by far the highest investment sum of about 
1855000 CHF. The solar thermal system now accounts for 
almost 52% of the costs. The photovoltaic system with 
battery remains like option 3 in terms of dimensioning and 
accounts for just under 21% of the investment costs. The 
geothermal heat pump with heating buffer was again 
slightly larger in size and accounts for just over 24% of 
the costs. The woodchip heating system was omitted in 
this case and only a hot water storage tank was 
implemented, but this accounts for just over 3% of the 
costs.  

Scenario 3.2 
In this scenario, the renovation costs are included. In this 
case, the investment costs would increase by 2536126 
CHF for all results. The costs of the renovation result in 
annual depreciation of 64650 CHF as shown in Figure 10. 
All other inputs remain the same as in scenario 1. 

Figure 8: Life-cycle costs of Optimized district energy system (scenario 3). 
 
 

Figure 9: Investment costs of Optimized district energy system (scenario 3). 
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Results 
The result was five different scenarios, each of which was 
intended to show different energy supply solutions for the 
settlement as illustrated in Figure 11. The first scenario S0 
(as built), served exclusively to illustrate the current state 
of the settlement to obtain a comparative value with the 
other scenarios. Scenario 1 (S1.1 without, S1.2 with 
renovation costs), on the other hand, was intended to 
illustrate how the CO2 emissions of the settlement would 
change if only the heat demand were reduced by means of 
a building envelope renovation. 
In scenario 2, technical optimization measures were 
included. In contrast to scenario 1, the aim of this scenario 
was to optimize the settlement purely based on technical 
measures, which mainly concerned heat generation. In 
addition, limits for energy storage and tanks were set 
according to the space available on-site, to prevent them 
from being oversized. In the next scenario (S3.1 without, 
S3.2 with renovation costs) a complete energy renovation 
of the settlement was simulated, including costs. This 
included not only all technical measures, but also a 

reduction of the heat demand by means of a building 
envelope renovation as in scenario 1. 
Discussion 
To evaluate which energy supply solution turns out to be 
the most suitable for the settlement, a new approach was 
chosen that combines refurbishment measures and energy 
supply technologies. In total, a compilation of the four 
scenarios was carried out which highlight the differences 
between building renovation technologies and energy 
supply technologies. The various results of the respective 
scenarios are categorized and compared according to CO2 
emissions and life cycle costs (LCC). It becomes clear 
that the actual state (red) causes by far the most CO2 
emissions. The LCC are in the middle range, compared to 
the optimized scenarios. In addition, the annual CO2 
emissions could be reduced by more than 60% in scenario 
1.2 (violet) by simply renovating the building envelope in 
terms of energy efficiency, and this despite the continued 
use of the fossil heating system. In addition, the LCC, 
which include the investment costs for the refurbishments 
of 2.536 million CHF, would be about the same as before. 
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Figure 11: Life-cycle costs of Optimized district energy system (scenario 0 - 3). 

0.00 200.00 400.00 600.00 800.00 1000.00

roof renovation
facade renovation

ventilation renovation
PV

PVT

investment (k CHF)
Figure 10: Investment costs of Renovation for Optimized district energy system (scenario 1.2 and 3.2). 
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The reason for this is the strong savings in fuel costs 
(heating oil). However, by implementing purely technical 
measures in scenario 2 (blue), CO2 emissions could be 
reduced even more than by refurbishing the building 
envelope alone in scenario 1.2 (purple). The reduction 
here would amount to almost 90% compared to the actual 
state (red), which would result in a drastic improvement. 
The LCC of the results of scenario 2 (blue) are ranging 
over a wide scale (between 60kCHF and 200kCHF). 
Thus, results A and B are both more favourable, while 
result C is somewhat more expensive and result D is even 
far more expensive than the actual state (in red). An 
additional improvement of over 60% can be achieved 
through the renovation of the building envelope in 
combination with technical optimization measures, 
scenario 3.2 (pink), compared to the purely technically 
optimized scenario 2 (blue). Scenario 3.2 (pink) thus 
offers the highest improvement potential with over 95% 
CO2 savings compared to the current state of the 
settlement (red). The LCC are also in the same range for 
results E and F compared to the current state (red). The 
results G and H are again more expensive. The results are 
to be discussed with the investors (building owners) but 
also other stakeholders like planners, distribution system 
operators (DSO), financing institutions, municipality 
representatives etc. 
Conclusion 
A new approach of Energy Master planning can optimize 
a district's energy system by incorporating renewable 
energies and efficient solutions to address oversizing 
problems in the electrical infrastructure and transmission 
losses during peak energy demand. Optimization can help 
distribute energy production within the district, but when 
incorporating renewable systems, interactions between 
buildings and the grid must be considered. Current 
computer-based energy performance models for general 
use buildings are inadequate and require customization to 
function as archetypes for predicting energy use in 
districts, accounting for climate conditions and energy use 
requirements. To be useful for community planning, 
optimization models must be fully parametrized with 
common modelling inputs to incorporate energy 
efficiency measures. The next step will be to collect data 
from several case studies and calibrating building models 
with existing energy use data from metering and sub-
metering. When communicating the results and its 
implications we need to consider different stakeholder 
views, plans, and goals, taking sub-divisions into account. 
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