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Abstract 

A novel methodology for calculating optimized refurbishment roadmaps is developed in this paper. The 

aim of the roadmaps is to determine when and how should which component of the building envelope and 

heat generation system be refurbished to achieve the lowest net present value. The integrated optimization 

approach couples a particle swarm optimization algorithm to a dynamic building simulation of the building 

envelope and the heat supply system. Due to a free selection of implementation times and refurbishment 

depth, the optimization method achieves the lowest net present value and high CO2 reduction and is 

therefore an important contribution to achieve climate neutrality in the building stock. 

The method is exemplarily applied to a multi-family house built in 1970. In comparison to a standard 

refurbishment roadmap, cost savings of 6-16 % and CO2 savings of 6-59 % are possible. The sensitivity of 

the refurbishment roadmap measures is analyzed on the basis of a parametric analysis. Robust optimization 

results are obtained with a mean refurbishment level of approx. 50 kWh/m²/a of the building envelope. The 

preferred heat generation system is a bivalent brine-heat pump system with a share of 70 % of the heat load 

being covered by the electric heat pump. 

Keywords:Building simulation, energetic refurbishment, particle swarm optimiziaion 

1. Introduction 

1.1. Motivation 

The reduction of greenhouse gas emissions is the main goal regarding climate change mitigation. In this 

context, renewable energy technologies such as solar and wind power will play a key role in the future 

energy supply. Due to the increasing substitution of fossil energy sources with fluctuating renewable energy 

sources, flexible sector coupling technologies will be increasingly required. In the transport sector, this task 

can be taken over by electric vehicles; in the building sector by the electrically driven heat pump [1].  
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Heat pumps (HP) offer ecological benefits with reduced CO2 emissions as well as economic advantages 

compared to conventional heat supply technologies by utilizing low-temperature environmental heat 

sources.  In Germany, for example, a total of two million heat pumps are expected to be newly installed by 

2030 and respectively four million by 2050 [6]. However, to achieve the climate targets with a CO2 

reduction of 95 % compared to the year 1990, about 14 million heat pumps will be needed [6]. Similar 

statements are provided by various other studies, such as [1] or [7]. In addition to the decarbonization and 

flexibilization of the heat supply, a reduction of the building’s heat demand is also required. For this 

purpose, the majority of existing buildings must be refurbished energetically to achieve an insulation 

standard in the range of approx. 45 kWh/m²/a [8]. For the entire building sector as such, the target states to 

achieve the climate goal are known. However, this is not the case at the scale of the individual building, 

where the cost-optimal way to achieve the climate goals is unknown - i.e. the refurbishment roadmap. 

Refurbishment roadmaps outline all required measures at the building envelope and heat supply, as well as 

the timeframe for implementation. In the context of optimized renovation roadmaps, the role of heat pumps 

in the refurbishment process will be investigated in particular. 

1.2. State of research 

In the literature, mainly the final optimal energetic refurbishment of buildings has been investigated without 

a chronological sequence of the single refurbishment steps. Table 1 summarizes the publications that are 

considered relevant for a better overview of the state of the art. The key literature is classified into the 

following three categories depending on their optimization target. 

Optimization of the composition of refurbishment packages (Category A) 

The objective of this category is the identification of an optimized combination of refurbishment measures 

of a building for a specific point in time, for example, the optimal thickness of the building insulation, 

which minimizes the cumulative energy cost savings and energy-related additional costs. The range of 

options presented in the literature for determining appropriate retrofit packages ranges from variation-based 

approaches (see [12–16]) to optimization-based options. These can be further divided into building and 

system simulations, which are based on energy balancing approaches (see [17–23]) and thermal building 

models (see [24–28]), respectively. As a reference for an optimization-based approach, the work of Diakaki 

et al. [20] can be cited. In this case, there are no predefined packages. Instead, the generation of cost-optimal 

refurbishment packages for the building envelope (door, window, wall, ceiling) of a single-family home is 

part of the solution. Overall, it is a multi-objective optimization with a combined target function of primary 

energy, costs and CO2 emissions. 

Optimization of the implementation date for predefined refurbishment packages (Category B) 

In the process of finding the optimal time for the refurbishment, time-dependent influences such as the 

development of energy prices, pricing of CO2 emissions or inflation and interest factors of the dynamic 
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investment calculation play a significant factor. The goal of this classification of analysis is to calculate the 

ideal point in time for a refurbishment to achieve the lowest possible emissions or costs. Cypra [29] and 

[30] serve as a typical example for this category. Cypra determined, for example, the most suitable 

refurbishment packages along with the optimal timing for the one-time implementation of these measures 

under different boundary conditions, such as a CO2 emission limit. The packages are predefined and consist 

of an optional building envelope refurbishment with several refurbishment stages, as well as a heat supply 

refurbishment using different heating technologies (gas, oil, wood pellet, heat pump). The optimization in 

terms of maximizing the net present value is carried out from the perspective of owner-occupiers and is 

applied to two single-family houses. 

Optimization of a refurbishment roadmap with defined refurbishment step sequences (Category C) 

Fully optimized refurbishment roadmaps require an "optimization of the composition of the refurbishment 

package" in addition to the "optimization of the implementation time", over a defined period of time.  

The individual refurbishment roadmap in [31] is the most prominent example, which features the 

development of a refurbishment strategy under the guidance of an energy consultant. The refurbishment 

plan provides an initial orientation for the owner of the building, with regard to the processes and timing 

for the implementation of the refurbishment measures, as well as their costs. Through a planned step-by-

step approach, synergies can be exploited by forming packages of measures and counterproductive actions 

can be avoided. However, the measures, as well as the implementation dates and costs, are kept vague and 

are based on the assessment and knowledge of the energy consultant. Thus, there is no proof or justification 

for whether the right packages are formed and whether they are implemented in the right order and at the 

right time. The disadvantages of this approach could be addressed by a more systematic comparison of 

variants or with the help of an optimization algorithm, as partly implemented by Hoier and Erhorn [32] or 

Nymoen et al. [33]. However, these approaches either lack central information for the comprehensibility of 

the results or are subject to strong simplifications, such as the energy demand calculation by using energy 

balance approaches instead of thermal building models. 
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Table 1: Selected and grouped literature concerning energetic building refurbishment depending on the optimization target and 

algorithm as well as complexity of building energy demand calculation, time sequence of measures, main evaluation parameters and 

whether heat pumps are taken into account 
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Optimization of the composition of refurbishment packages (Category A) 

Verbeeck and Hens (2005) [12] o/x o o x o o x x o/x x 

Kah and Feist (2005) [13] o/x o o x o o o/x o/x o/x o 

Enseling and Hinz (2008) [14] o/x o o x o o x o o/x o 

Enseling et al. (2013) [15] o/x o o x o o x o o o 

Almeida and Ferreira (2017) [16] o/x o o x o o x x x x 

Gustafsson (1998a, 1998b) [17,18] x o MILP x o o/x x o o x 

Pernodet et al. (2009) [19] x o GA x o o x x o/x o 

Diakaki et al. (2010) [20] x o CP x o o x x o o 

Fan and Xia (2015, 2017) [21,22] x o MINLP/ GA x o o o o x o 

Kunze (2016) [23] x o CPLEX x o o x x o x 

Peippo et al. (1999) [24] x o PS o o/x o x x o/x o 

Nielsen (2003) [25] x o DSA o o/x o/x x o o o 

Almeida and Freitas (2013) [26] x o NSGA-II o o/x o x o/x o o 

Asadi et al. (2014) [27] x o GA o o/x o x x o/x x 

Shadram et al. (2020) [28] x o GA o x o o x o o 

 

Optimization of the implementation date for predefined refurbishment packages (Category B) 

Cypra (2010) [29] o/x o/x CPLEX x o o x o o x 

Kumbaroglu and Madlener (2012) [30] o/x o/x o n. s. n. s. o x o o x 

 

Optimization of a refurbishment roadmap with defined refurbishment step sequences (Category C) 

Hoier and Erhorn (2013) [32] o/x o/x o x o x o x o x 

Dena (2020) [31] o/x o/x o x o x o o o/x x 

Nymoen et al. (2021) [33] x x n. s. x o x o o x x 

x = yes 

o = no 

o/x = valid under certain boundary conditions / restrictions 

n. s = not specified 

CP = Compromise programming 

CPLEX = Optimization software package with simplex method 

DSA = Direct search simulated annealing 

GA = Genetic algorithm 

MILP = Mixed-integer linear programming 

MINLP = Mixed-integer nonlinear programming 

NSGA-II = Non-dominated sorting genetic algorithm 

 
1) = independent consideration of costs or energy 
2) = multi-criteria optimization of costs and energy 
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1.3. Novelty and scientific contribution 

Concluding from the state of research, the individual components of a refurbishment roadmap have already 

been investigated and described in various papers. However, only individual aspects are examined in all 

known publications. In case of category A, the time dimension is missing and the focus is usually placed 

on the economic analysis. Technical interactions such as those between the building envelope and the heat 

supply are neglected. In the case of category B, the initial building conditions are only taken into account 

to a very limited extent and refurbishment packages are already predefined. The publications in category C 

are either based on the subjective assessment of energy consultants or on approximate estimates without 

the integration of objective and optimized calculation algorithms [31].  

The novelty of this work consists of the development of a methodology for the optimization of individual 

energetic refurbishment roadmaps for multi-family buildings. The central research question is: 

When and how should which building or heat supply system component be refurbished in order 

to achieve the best possible heat supply in terms of costs or CO2-emissions? 

The method takes a new holistic approach to the refurbishment process by optimizing not only the scope 

of the refurbishment measures but also the timing of their implementation. For this purpose, a thermal 

building simulation is coupled with an optimization algorithm. A key novelty is the possibility to use heat 

pumps in the context of refurbishment roadmaps for multi-family houses. Due to the fact that the efficiency 

of the heat pump is strongly dependent on the source and sink temperature levels, a detailed and technically 

accurate simulation of the heat supply system is required. This is especially valid in the context of 

refurbishment roadmaps, where small calculation errors can quickly add up to relevant discrepancies due 

to the long observation period. Furthermore, the influence of boundary and initial conditions is investigated 

in the context of robustness tests. From this, conclusions can be drawn regarding the influence of factors 

such as energy and CO2 prices, subsidies, building geometries, building age classes, etc. on the course of 

the refurbishment roadmaps. 

In the later course of this paper, section 2 presents the methodological approach for calculating the 

individual refurbishment roadmaps. The reference building on which the results are based is described in 

section 3. The methodology is applied under varying boundary and initial conditions in section 4, followed 

by a discussion of the results in section 5. Section 6 concludes the paper with a summary. 

.  
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2. Optimization methodology for renovation roadmaps   

In the following, the methodology for determining optimized refurbishment roadmaps optRR is explained. 

The new optimization method, which can be classified into the previous classification C, considers the 

following requirements: 

- Temporal perspective over a predefined period of time and individual initial conditions of the 

buildings 

- Search for suitable refurbishment measures in a solution space that is as large as possible and 

technically feasible at the same time 

- Flexible implementation dates for refurbishment measures without a fixed coupling to technical 

component lifetimes 

- Technical interactions between refurbishment measures and heat supply technologies are taken 

into account, as well as the related aspects with regard to system efficiency 

- Inclusion of economic aspects such as capital interest rates, energy cost developments and 

ecological constraints such as CO2 pricing 

- Flexible targets can be set, such as upper limits for CO2 emissions. 

The presented approach is of a generic nature, implemented in MATLAB and can be applied to any type 

and size of residential building, as long as all the required boundary conditions are known. As shown in 

Figure 1, the methodology is divided into three main parts: thermal building simulation, economic 

efficiency calculation and mathematical optimization. 

 

Figure 1: Generic methodology for determining optimized refurbishment roadmaps 
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The starting position for every refurbishment roadmap is the building-specific initial state, which forms the 

basis for all refurbishment decisions regarding the depth of refurbishment and the time of implementation. 

The initial state is characterized by the following parameters: 

- Geometric building dimensions 

- Building structure with thermal characteristics and age of components 

- Heat supply systems for space heating and domestic hot water with installation times 

- Number of occupants or details of previous energy consumption 

Based on this information, a first proposal is made for the building-specific refurbishment roadmap for the 

time period T. In this proposal, the building optimization parameters are defined for each year. For example, 

the thermal properties of the building envelope or the type and output of the heat generation system. The 

building simulation is used to calculate the energy demand. Together with the investment and maintenance 

costs, the determined energy demand is an input variable for the dynamic economic efficiency calculation. 

The following optimization minimizes the determined net present value (NPV), which thus represents the 

objective function. For this purpose, the parameters released for the optimization are varied according to 

the optimization algorithm in Eq. (3). The final state after nG iterations contains a specific value for each 

optimization parameter and for each individual year in the period under consideration. 

Figure 2 extends the approach for determining the optimized refurbishment by its central technichal 

components, in particular concerning the thermal building simulation. For simplicity, the graphic is reduced 

to the logical procedure and workflow of the individual parts of the methodology. The parts belonging to 

the optimization are marked in green and are recalculated in each iteration. This includes the actual 

optimizer (here: particle swarm optimization) as well as the models and subroutines of the building and 

heat generators influenced by the optimization parameters. The black dashed elements remain constant and 

are calculated initially. This includes the domestic hot water (DHW) calculation with the fresh water station, 

storage and controller, the dimensioning of the radiators for space heating (SH), as well as the irradiation 

calculation.  
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Figure 2: Simplified representation of the optRR methodology with used subroutines and sequential processes 
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Figure 3: Coupled dynamic thermal building model with heat supply system as link between energy source and heat demand 
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coefficient of performance are represented by biquadratic polynomials [43]. The characteristic curve maps 

are based on manufacturer's data like [44] and [45] with a chosen maximum HP supply temperature of 62 

°C. As for the gas condensing boiler, the same procedure as for the HP is chosen with biquadratic 

polynomials and manufacturer’s data [46]. The heating power of HP and gas condensing boiler is scaled 

freely under the assumption of only a slightly changing performance curve. In the case of a brine HP, the 

borehole field is dimensioned according to VDI 4640 with a maximum length of 150 m per probe and a 

thermal conductivity of 2.4 W/(m²K) [47,48]. 

2.2. Economic efficiency calculation and CO2 emissions 

The net present value (NPV) method according to Eq. (1) is used for the economic efficiency calculation 

[49]. The dynamic investment calculation allows the comparison and evaluation of the different 

refurbishment roadmaps on a financial level. The assumed inflation rate r is 2 % [50] and the assumed 

interest rate q is 5 % [51]. The annual costs z (zt at year t) include the capital, energy and maintenance costs. 

The residual values (rv) decrease linearly and are used to account for the possible discrepancy between the 

period under consideration and the actual period of use.  

 𝑁𝑃𝑉 = − ∑
(1 + 𝑟)𝑡

(1 + 𝑞)𝑡

𝑇

𝑡=0

· 𝑧𝑡 +
(1 + 𝑟)𝑡

(1 + 𝑞)𝑇
· 𝑟𝑣 (1) 

The following tables in the Appendix summarize the cost functions used for the building envelope (Table 

9), heat generators (Table 10), energy costs (Table 11), and CO2 emission factors (Table 12). The NPV at 

the end of the observation period is the cost function for the optimization. 

The levelized costs of heat are a more comprehensive economic indicator, which is therefore used for the 

latter economic assessment. It is derived from the NPV as the ratio of the net present value and the amount 

of heat generated Qgen,i over the period under consideration T: 

 𝐿𝐶𝑂𝐻 =
𝑁𝑃𝑉

∑ 𝑄𝑔𝑒𝑛,𝑗
𝑇
𝑗=1

 (2) 

2.3. Mathematical optimization via particle swarm optimization 

Optimization methods are divided into deterministic and stochastic methods. Deterministic methods have 

a consistent mathematical sequence with repeatable solutions. However, the objective function partly has 

to be described in a mathematically complex way and the search space is often locally limited [52]. The 

particle swarm optimization (PSO) method used here belongs to the stochastic, nature-inspired algorithms 

and imitates the swarming behavior of birds or fish. Advantages over the deterministic approach are the 

simple mathematical description of the objective function and the possibility to decouple the optimization 

from the system simulation, which results in larger degrees of freedom in the model structure [53]. A 

disadvantage of stochastic optimization methods is the lack of the possibility to generate repeatable 

solutions. Responsible for this is the random-based part, which allows an easier skipping of local optima 

file:///C:/Users/Vollmer/AppData/Local/Microsoft/Windows/INetCache/Content.Outlook/KFZBIF17/aufpolieren%23_CTVL0018670185d381d4ec28cbbdbf2d4c60be7
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and thus an easier determination of the global optimum [54,55]. Mathematically, the position of a particle 

can be calculated as follows [56–58]:  

 �⃗�𝑖,𝑘+1 = �⃗�𝑖,𝑘 +  �⃗�𝑖,𝑘+1 (3) 

with the velocity vector: 

 �⃗�𝑖,𝑘+1 = 𝜔𝑘 · �⃗�𝑖,𝑘 + 𝑐1 · 𝑟1,𝑖,𝑘 ⊙ (𝑙𝑏𝑒𝑠𝑡,𝑖,𝑘 − �⃗�𝑖,𝑘) + 𝑐2 · 𝑟2,𝑖,𝑘 ⊙ (�⃗�𝑏𝑒𝑠𝑡,𝑘 − �⃗�𝑖,𝑘) (4) 

The velocity vector is made up of the three central properties of particle swarm optimization: 

1) The particles have a current velocity �⃗�𝑖, whose influence can be adjusted via an inertia weight ωk 

and prevents sudden velocity changes. 

2) The particles have a local memory 𝑙𝑏𝑒𝑠𝑡,𝑖, in which the best condition found by the particle is 

stored. In addition to the stochastic influence caused by 𝑟1,𝑖, there is a cognitive factor c1 to weight 

the influence and is randomly drawn between [0,1]. 

3) The particles have a global memory �⃗�𝑏𝑒𝑠𝑡 in which the best condition found by the swarm is stored. 

As with cognitively influenced velocity, there is a stochastic influence via 𝑟2,𝑖  with numbers 

randomly drawn between [0,1] and the social factor c2 for weighting. 

The time-dependent weighting of ωk, c1, c2 are calculated via the following approach – here representative 

with ωk [59,60]: 

 𝜔𝑘 = 𝜔1 +
𝑘

𝑛𝐺

(𝜔2 − 𝜔1) (5) 

In addition to the temporal adaptation, a success-dependent adaptation of the velocity vector according to 

Helwig [61] is implemented. Table 2 contains the central setting parameters for the PSO. 

Table 2: Parameter settings for the particle swarm optimization 

parameter value description 

number of generations nG 1500 max. number of iterations 

population size nP 50 number of particles 

inertia weight w1 and w2  0.9 → 0.4 start value → end value 

cognitive component c1,1 and c1,2 2.5 → 0.5 start value → end value 

social component c2,1 and c2,2 0.5 → 2.5 start value → end value 

2.4. Main optimization parameters 

The considered solution space of the PSO is presented in Table 3. The insulation thickness of the envelope 

components is scaled in 1 cm steps and almost meets passive house standards in the final state. The heat 

generators are scaled in 2.5 kW steps and can be varied from 0 to 67.5 kW. In addition to the technical 

components listed in Table 3, there is always a heating rod installed acting as a backup in the case of 

undersized heat generators. Thus, the heat demand is always met. 
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Table 3: Solution space considered for the optimization variables 

parameter value unit 

   

envelope components 

U-value window 1.9, 1.3, 1.0, 0.8  W/(m²K) 

insulation thickness wall 0 to 0.24 m 

insulation thickness ceiling 0 to 0.3 m 

insulation thickness floor 0 to 0.3 m 

insulation thickness roof 0 to 0.24 m 

   

technical components 

heating power gas condensing boiler 0 to 67.5  kW 

heating power AW/HP 0 to 67.5 kW 

heating power BW/HP 0 to 67.5 kW 

 

3. Description of reference multi-family building  

The methodology is demonstrated using the example of a multi-family house located in Potsdam that was 

built in 1970 and is thus located in the range of the two construction periods with the largest stock in 

Germany [62]. A rendering of the building is shown in Figure 4. 

 

Figure 4: 3D rendering of the reference three-storey multi-family building with 12 apartments for 20 residents 

Further parameters concerning the building modeling can be taken from Table 4 and Table 5: 
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Table 4: Dimension of the investigated multi-family building 

parameter value / comment 

number of full storeys 3 

number of apartments 12 

number of staircases 2 

cellar & attic available and non-heated 

building orientation north-south (gable side) 

building dimensions 11.9 m x 32.1 m 

storey height 2.75 m 

clear ceiling height 2.55 m 

conditioned living space per apartment 75.7 m² 

net floor space 969.5 m² 

 

Table 5: Overview of the parameters required for the building simulation 

parameter value source 

room set point temperature 20 °C [63] 

internal heat gain 90 Wh/(m²d)a) [63] 

min. outdoor air exchange rate 0.6 h-1 [64] 

number of occupants 1.7 person/WE [65] 

thermal bridge surcharge 0.1 W/(m²K) [66] 

temperature correction attic 0.8 [64] 

temperature correction cellar 0.6 [64] 

shading factorb) 0.1 [35] 

window frame share 0.25 % [67] 

spec. heat capacity 260 kJ/(m²K)a) [35] 

a) value refers to net floor area (here: conditioned living space) 
b) permanent irradiation reduction due to internal privacy screen 

 

An overview of the assumed initial conditions of the relevant optimization parameters is given in Table 6, 

including the initial states of the building envelope as well as the heat generation technology based on a gas 

condensing boiler. Due to the previous refurbishment stages, the original components of the windows, top 

floor ceiling and heat supply system have already been replaced once or insulated. In its initial state, the 

building has a specific heating demand of ca. 139 kWh/(m²a) with a nominal heat load of 59.2 kW and a 

domestic hot water demand of ca. 20 kWh/(m²a) including circulation and storage losses. The domestic hot 

water demand is not addressed in the optimization process and is therefore considered constant. 
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Table 6: Initial condition of the relevant optimization parameters in 2020 

component initial value technical lifetime installation date 

window 1.90 W/(m²K) 30 a 2000 

exterior wall 1.15 W/(m²K) 40 a 1970 

top floor ceiling 0.25 W/(m²K) 60 a 2000 

bottom floor 1.17 W/(m²K) 60 a 1970 

roof 2.00 W/(m²K) 50 a 1970 

gas condensing boiler 60 kW 20 a 2010 

 

 

4. Results 

4.1. Optimized refurbishment roadmap of the reference building 

Figure 5 shows the results of the optRR methodology for the reference building. For this example case, a 

linear increase of the CO2 price pCO2 of 180 €/tCO2 until 2050, an interest rate r of 5 % and a maximum HP 

supply temperature Tsup,max of 62 °C are assumed as the central boundary conditions. 
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Figure 5: Optimized refurbishment roadmap for the reference building with a) U-value of building components, b) heating power of 

heat supply system c) specific heat demand and contributions per heat generator, d) specific CO2 emissions, e) cumulated costs 

(NPV) and f) cumulated equivalent CO2 emissions per energy carrier (ahp = air heat pump, bhp = brine heat pump, mro = 

maintenance, repair and operation cost) 

The refurbishment roadmap shown in Figure 5 is one of many ways to present a refurbishment roadmap 

and includes the key measures and results. The figure chosen here contains six distinct sections a) through 

f). Each section contains different information about the identified refurbishment roadmap: 

- a) Information on the refurbishment level (U-value) of the building envelope and the respective 

implementation dates, which are shown as symbols (cross: window, circle: wall, star: ceiling, 
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triangle: floor, rhombus: roof). In total, the floor (2021, U = 0.34 W/(m²K)), exterior wall (2021, 

U = 0.29 W/(m²K), roof (2021, U = 1.03 W/(m²K)) and windows (2030, U = 1.0 W/(m²K)) will 

be refurbished in the period under consideration. It is worth mentioning that the floor is the only 

component that is refurbished prior to its end of lifetime. 

- b) Information on the installed heating power of the different heat generators, the total installed 

heat generator power and the respective installation dates. The implementation date is shown as a 

square symbol. In the course of the refurbishment, a 17.5 kW brine HP will be installed in 2026, 

in addition to the existing 60 kW gas condensing boiler. The gas boiler is replaced in 2028 by a 

significantly smaller version with 7.5 kW. From 2030 onwards, the refurbishment of the windows 

reduces the heating demand and the gas boiler is primarily used for DHW generation. 

- c) Visualization of the specific heat demand per square meter of conditioned building area by heat 

generator and space heating (dark color) respectively domestic hot water (light color). The heating 

demand of the building is reduced from the initial 118 kWh/(m²a) in 2020 to 53 kWh/(m²a) in 

2030. The area above the dashed line represents the DHW share of all heat generators 

(20 kWh/(m²a) incl. circulation and storage losses). 

- d) Development of the specific CO2 emissions over the period under consideration. The CO2 

emissions decrease due to the continuously decreasing CO2 emission factors of grid electricity 

(Table 12), the reduction of the heating demand in the course of the refurbishments and change 

of the emission factor from gas to electricity by installing an electric HP. 

- e and f) General information regarding the costs (NPV: net present value) of 301.5 k€ and CO2 

emissions of 216.8 t over the entire period with a time horizon until the year 2045. The costs are 

broken down on a percentage basis between the investment costs (building envelope and heat 

generation system), energy costs and maintenance and repair costs (mro). With the specific 

indication of 0.15 €/kWhth (LCOH: levelized cost of heat) and 8.6 kg of CO2 emissions per square 

meter of heated floor area, a comparison with other buildings is possible.  
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4.2. Impact of the degrees of freedom in the search space on the results 

In order to investigate the influence and added value of the optimization on the refurbishment roadmap, the 

degrees of freedom of the optimizers’ search space are increased step by step. The degrees of freedom vary 

in terms of refurbishment depth and timing for the individual refurbishment roadmaps (Table 7): 

- BAU represents the business as usual case (BAU) without any optimization. At the end of their 

technical lifetime, all components are replaced by building components that comply with the 

refurbishment level of the German Building Energy Act (GEG). Consequently, the refurbishment 

level, implementation time, and technology are fixed. 

- FreeSys: the optimizer is free to choose the heat generation technology, while the refurbishment 

level is set to the GEG standard. The implementation date is linked to the fact that the old heat 

generator has reached 100 % of its technical life (100 % lifetime boundary condition). Thus, a 

component is only addressed when it has reached the end of its technical lifetime. 

- FreeRefurb: the optimizer can freely choose the refurbishment level between the current state and 

the state of a passive house. All other optimization variables and heat supply are fixed. 

- Lifetime: a flexible refurbishment level and a freely selectable heat supply technology with a 

maximum technical lifetime of the components are investigated. 

- Gas, AHP, and BHP: not only the refurbishment level but also the refurbishment time can be 

selected. The heat generation is preset with gas (Gas), air-water HP (AHP) and brine-water HP 

(BHP). 

- optRR: the only limitation is a minimum retention time of the component in the building of 50% 

of its technical service life due to ecological aspects (gray energy, etc.).  

Table 7: Summary of the influence of the different degrees of freedom of the optimizer on the NPV and CO2 emissions for the 

different cases A to H. Heat demand and size of heat generator of the year 2045 for comparison reasons. 

 boundary conditions results 

case 
refurb. 

level 

tech. 

lifetime1) 

heat 

gen. 

spec. NPV 

[€/m²/a] 

spec. CO2 

[kg/m²/a] 

spec. heat dem. 

[kWh/m²/a] 

heat gen. 

[kW] 

       gas hp 

BAU GEG 100 % gas -14.78 19.39 57.7 30 0 

FreeSys GEG 100 %2) - -13.32 (-9.9%) 10.68 (-44.9%) 57.9 7.5 20 

FreeRefurb - 100 %  gas -13.96 (-5.5%) 18.27 (-5.8%) 48.8 27.5 0 

Lifetime - 100 %2) - -12.69 (-14.1%) 11.09 (-42.8%) 53.1 7.5 17.5 

Gas - > 50% gas -13.77 (-6.8%) 16.62 (-14.3%) 48.8 25 0 

AHP - > 50% ahp -13.06 (-11.6%) 9.23 (-52.4%) 52.7 0 25 

BHP - > 50% bhp -12.64 (-14.5%) 8.01 (-58.7%) 53.3 0 20.0 

optRR - >50% - -12.44 (-15.8%) 8.94 (-53.9%) 53.3 7.5 17.5 

1) percentage of technical service life that components must be installed in the building 
2) 100% lifetime in combination with flexible heat generation means that the new heat generator is not installed until the old one has reached the 
end of its technical lifetime 
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The optimizer achieves the highest savings in costs and CO2 in the case of the highest degree of freedom 

(case optRR). This is due to the fact that each constraint reduces the solution space and thus increases the 

probability that the optimizer will find only a local and not a global cost optimum. Consequently, the global 

optimum is reached with the highest degree of freedom. Compared to the reference case BAU, cost savings 

of over 15 % and CO2 savings of nearly 55 % are possible. A technology change from a gas boiler to a BHP 

shows the greatest single effect, as shown in the case FreeSys. Since the GEG level covers an already very 

good thermal insulation standard, there is no major effect of the optimizer here. The savings shown in the 

case FreeRefurb are mainly based on the better price-performance ratio of the improved windows compared 

to the GEG standard (U-value 1.0 instead of 1.3 W/m²/K), floor (U-value 0.25 instead of 0.32 W/m²/K) and 

a worse insulated roof (U-value 1.04 instead of 0.26 W/m²/K). A free choice of the implementation date 

even before the end of the technical service life enables further savings in costs and CO2 emissions. In the 

case Gas, the bottom floor is insulated ahead of schedule. The residual value of envelope components is 

negatively added to the NPV due to the value loss. If the saved energy costs compensate for the linearly 

assumed residual value costs, the refurbishment is carried out ahead of schedule. The case Lifetime 

corresponds to a common situation, where refurbishments are often carried out only when a component 

fails. However, due to the replacement intervals dictated by technical service life, cost-saving measures 

such as early heat pump installation or early floor insulation are overlooked. The cases AHP and BHP are 

designed as mono-energetic systems and have a similar refurbishment level compared to the case Gas. The 

switch to electricity as an energy source enables the largest CO2 savings. The high CO2 savings in the case 

of the heat pump are due to the high energy efficiency by leveraging ambient heat sources, resulting in a 

COP > 1. Secondly, the CO2 factor of electricity is expected to decrease with the future transition of 

electricity generation from fossil to renewable sources, from ca. 403 g/kWh in 2020 to ca. 21 g/kWh in 

2050, compared to the almost unchanged CO2 factor of gas from ca. 200 g/kWh in 2020 to ca. 166 g/kWh 

in 2050 (cf. Table 12). 

The cases shown in Table 7 underline both the basic suitability of the optimizer for finding improved 

refurbishment roadmaps and the added value of applying optimization methods with a wide search space 

in generating these roadmaps. The achieved savings correlate with the number of degrees of freedom of the 

optimizer. Accordingly, higher costs must be accepted if only partial aspects regarding refurbishment level, 

heating technologies and timing are optimized. 

4.3. Robustness of refurbishment roadmaps concerning boundary conditions 

After introducing the basic functionality in the previous sections, the sensitivity of selected parameters on 

the refurbishment roadmap is analyzed in the following. The optimized case optRR is used as the initial 

scenario (CO2 price pCO2 = 180 €/tCO2, no subsidy, interest rate r = 5 %, max. HP supply temperature 

THP = 62 °C). 
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As a first parameter, the CO2 prices included in the energy prices are varied (cf. Table 11). In addition to 

the already used case with a linear increase of 180 €/tCO2 until 2050, the extreme cases without a CO2 price 

(0 €/tCO2) and with a high CO2 price (260 €/tCO2) are analyzed. Table 8 shows that the CO2 pricing has no 

influence on the insulation standard and only a very small effect on the specific NPV, but leads to an earlier 

installation of a larger BHP. This results in a greenhouse gas reduction of 20.5 % (180 €/tCO2) compared 

to the case without any CO2 price (0 €/tCO2). An increase in the CO2 price from 180 € to 260 € by 2050 

leads to an even earlier installation of the HP and consequently, to further emission savings in the studied 

case.  

Another heavily politically influenced factor are subsidies for heat supply systems and refurbishments 

(Subsidy). The assumed values of the model correspond to the subsidies valid in Germany. These vary 

between 20 % for the building envelope, 30 % for a bivalent and 35 % for a mono-energetic system. In 

combination with a refurbishment roadmap, an additional 5 % is possible [68]. The subsidies lead to 

significant savings in the net present value (17.0 %). On the system side, the cost reduction enables an 

earlier installation of a larger HP. This causes a reduction in CO2 emissions of 14.4 % compared to the 

reference case optRR. The subsidies have only a small effect on the envelope refurbishment, as can be seen 

in Table 8. 

As a third parameter, the interest rate is varied. In addition to the average interest rate of r = 5 % chosen so 

far, a low interest rate of r = 3 % (IR=3%) and a high interest rate of r = 7 % (IR=7%) are also considered. 

By increasing the interest rate, the costs for refurbishment and operation decrease (cf. Table 8). This is due 

to the method of calculating the NPV, in which the expenses are discounted to the current point in time by 

the discount factor influenced by the interest rate. Consequently, the investment timing shifts to a later point 

in time. The system composition and the refurbishment standards barely change. Thus, the CO2 savings at 

lower interest rates result simply from an earlier installation of the heat pump and the higher CO2 emissions 

at higher interest rates from a later installation.  

As a further parameter, the supply temperature of the HP is assumed to be 67 °C instead of the 62 °C 

previously used (HPTmax 67 °C). Through research and development, especially in refrigerants (cf. 

propane), HPs are now also available on the market that can reach up to 75 °C [69]. As the max. HP supply 

temperature increases from 62 to 67 °C, the switch from a bivalent to a mono-energetic system is 

accelerated (cf. Table 8). The envelope refurbishment does not change. As a consequence of the early mono-

energetic system, the CO2 emissions dropped to 7.25 kg/m²/a. Since the investment costs of the HP are 

assumed to be independent of the maximum possible supply temperature, the total costs also decrease with 

increasing temperatures. The influence of the requested high DHW temperature leads to a bivalent system 

in the case of HP supply temperatures of max. 62 °C. In this case, the gas condensing boiler is primarily 

required to support the DHW generation. Financially attractive mono-energetic systems therefore require 

lower DHW temperatures, e.g. by means of an ultrafiltration system or a HP with a supply temperature of 

at least 65 °C. 
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As a last parameter, the energy supply costs are increased by 50 % as they strongly depend on various 

technical as well as political framework conditions and are difficult to predict. In the case of the increased 

electricity purchase costs (EPrice+50%), the heat pump is installed with a delay and is significantly 

downsized. This leads to an increased use of the gas condensing boiler and results in higher emissions. The 

relevance of the electricity costs is also reflected in the high net present value with 13.25 €/m²/a. In the case 

of increased gas purchase costs (GPrice+50%), an even stronger influence on the system composition can 

be seen. Instead of a bivalent HP system, a mono-energetic HP system is now preferred. The high gas prices 

cause an immediate HP installation and lead to specific CO2 emissions of 5.89 kg/m²/a, which is the lowest 

value of all cases investigated. An increase in both electricity and gas prices (EGPrice+50%) results in a 

reduction in the heating demand due to a better refurbishment level as well as an earlier start of 

refurbishment measures, as in the case of the windows. The parallel increase in energy costs does not change 

the system composition since the optimizer cannot switch to a cheaper energy source. Only the HP is 

installed ahead of time.  

Table 8: Overview of the influence of different parameters on costs and CO2 emission in relation to the optimized case optRR. Heat 

demand and size of heat generator of the year 2045 for comparison reasons. 

case 
spec. NPV 

[€/m²/a] 

CO2 

[kg/m²/a] 

heat dem. 

[kWh/m²/a] 

heat gen. [kW] 

gas hp 

optRR -12.44 8.94 53.3 7.5 17.5 

0 €/tCO2 -12.27 (-1.4%) 10.77 (20.5%) 52.7 15.0 12.5 

260 €/tCO2 -12.52 (0.6%) 8.53 (-4.6%) 53.3 7.5 17.5 

Subsidy -10.32 (-17.0%) 7.65 (-14.4%) 52.9 7.5 20.0 

IR3% -12.78 (2.7 %) 7.69 (-14.0%) 49.6 7.5 17.5 

IR7% -11.97 (-3.8%) 9.34 (4.5%) 54.0 7.5 17.5 

HPTmax67 °C -12.16 (-2.3%) 7.25 (-18.9%) 53.3 0.0 22.5 

EPrice+50 % -13.25 (6.5%) 9.81 (9.7%) 51.4 12.5 15.0 

GPrice+50 % -12.98 (4.3%) 5.89 (-34.1%) 53.3 0.0 20 

EGPrice+50% -14.39 (15.7%) 6.73 (-24.7%) 49.6 7.5 17.5 

Figure 6 compares the parameter variations listed in Table 8 for a better overview. This includes specific 

data on the annual NPV and CO2 emissions per square meter of heated building area over the entire period 

under consideration. Likewise, the share of the HP power relative to the total heating power and the specific 

heating demand for the year 2045 are shown graphically. In addition, the time of the HP installation as well 

as the HP fraction (related to the year 2045) are also shown. 

Based on the used cost assumptions for the insulation of the building envelope, the optimizer chooses a 

very narrow target corridor for the heating demand between 49 and 54 kWh/(m²a). Only a minor impact 

from energy costs and interest rates can be observed. With few exceptions, the percentage share of the HP 

power is about 70 %. Only the high electricity purchase costs (55 % HP share), no CO2 pricing (45 % HP 

share) and high HP supply temperature as well as high gas prices (100% HP share) deviate noticeably from 
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this. The period of the HP installation is also very narrow, with a span of 7 years (2021-2028). Subsidies, 

low interest rates and high gas prices have a positive influence on early HP installation, while high 

electricity purchase costs or the lack of CO2 pricing have a negative influence. With regards to the specific 

net present values, the strong influence of the subsidies stands out, as well as the high combined energy 

prices. The remaining scenarios have NVPs that are very close to each other, ranging from 11.5 to 

12.5 €/(m²a). In terms of CO2 emissions, however, a wider range of 6 to 10 kg/(m²a) is observed. Since the 

refurbishment level hardly differs between the scenarios, an early installation of HP (high gas prices, 

subsidies, low interest rates) and a large share of HP coverage (high HP supply temperatures) have a 

beneficial effect. Consequently, a later HP installation (no CO2 pricing, high electricity purchase costs) is 

counterproductive. Due to the almost identical HP share of the scenarios, the HP fraction is also very similar 

between approx. 82-84 %. Only the high HP supply temperature and the possibility of DHW generation via 

HP reach a value of 97 %. In contrast, the scenarios with no CO2 pricing and high electricity costs show a 

HP fraction of less than 80 %.  

Note that all cases use brine heat pumps – air source heat pumps are not selected despite the option of the 

optimizer to select this alternative system. This is due to the fact that, over the entire observed period, the 

net present value of the brine heat pump is more economic than that of an air source heat pump.  
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Figure 6: Comparison of the investigated parameter variations with regard to the spec. heating demand, share of HP power, HP 

installation date, spec. NPV, spec. CO2 emissions and HP fraction. Results are valid for degree of freedom as in case optRR 

(box plot contains the median (line inside box), the 0.25 and 0.75 quantile (bottom and top edge of box) with the interquartile range 

(iqr) as the distance between the two, outliers (distance > 1.5 iqr from the 0.25 or 0.75 quantile) as well as min. and max. values that 

are not outliers and connected with a whisker to the 0.25 or 0.75 quantile) 

4.4. Robustness of refurbishment roadmaps concerning the initial state of the building 

Buildings differ with respect to their geometric dimensions, thermal characteristics, age class and heat 

supply systems. To study their influence on the robustness of the refurbishment roadmap, the optimization 

method is applied to different building sizes and ages. A small (SMH-70), medium (MMH-70) and large 

multi-family house (LMH-70) built in 1970 and a medium multi-family house (MMH-90) built in 1990 are 

compared for this purpose (cf. Table 13 and Table 14). In all cases, the initial heating supply system is 

assumed to be a gas condensing boiler.  

Figure 7 shows the specific heat demand, specific costs, HP share and specific CO2 emissions for the four 

different building classes. The differences can be attributed to different starting refurbishment levels, 

decreasing area-specific costs, or varying surface-to-volume ratios. All comparison parameters decrease 
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with increasing building size, except for the share of heat pumps. The MMH-90 building will be refurbished 

later due to its newer construction age. This leads to lower refurbishment and maintenance costs, but higher 

heat demands and CO2-emissions have to be accepted.  

Despite the different initial conditions, the optimizer chooses a similar heat supply system, which consists 

of a bivalent heat pump with a gas boiler. The medium share of HP power ranges between 60 % of a small 

MFH and 80 % of a large MFH. The increasing share of HPs in larger MFH is due to the fast decreasing 

performance-specific costs of the HP and the decreasing share of domestic hot water due to lower 

circulation losses. 

 

Figure 7: Comparison of the investigated parameter variations with regard to the spec. heating demand, share of HP power, spec. 

NPV and spec. CO2 emissions. Results are valid for degree of freedom as in case optRR 

(box plot contains the median (line inside box), the 0.25 and 0.75 quantile (bottom and top edge of box) with the interquartile range 

(iqr) as the distance between the two, outliers (distance > 1.5 iqr from the 0.25 or 0.75 quantile) as well as min. and max. values that 

are not outliers and connected with a whisker to the 0.25 or 0.75 quantile)  
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5. Discussion 

A mathematical optimization approach is needed for a cost-optimal selection of the right measures at the 

right time, , as section 4.2 demonstrates in comparison to non-optimized or only partially optimized cases. 

The overall costs decrease with the number of degrees of freedom of the optimizer. The reason for using 

an optimization is the large number of possible combinations, since the solution space consists of the 

different refurbishment times, the number of possible technologies and thermal insulation measures, and 

their respective specifications. Furthermore, the components influence each other and there are time-

varying parameters (e.g. energy prices). For example, the insulation of the building envelope reduces the 

heating load, which in return lowers the supply temperature and increases the efficiency of the gas 

condensing boiler or heat pump. Consequently, all optimization parameters must be considered in the 

overall context. 

The identified refurbishment roadmaps show a high robustness against different influencing factors (CO2 

pricing, subsidies, interest rates, max. HP supply temperature and electricity purchase costs) as shown in 

section 4.3. Referring to the investigated medium-sized multi-family building from 1970, a robust 

refurbishment roadmap with a brine-HP installation between the years 2021 and 2028 results. The heat 

supply system is designed as a bivalent system with a heat pump share of 70 %. The refurbishment of the 

building envelope aims at a heating demand of approx. 50 kWh/m²/a and always takes place at the end of 

the technical lifetime of the building components. An exception is the floor insulation, which is being 

refurbished ahead of schedule. In the case of high energy prices, this also applies to the windows. 

The refurbishment roadmaps are also robust against different initial conditions of building geometry and 

age class. The optimum heat supply system is consistently given by a bivalent HP system with a share of 

HP power between 60 - 80 % (cf 4.4). 

Based on the identified refurbishment roadmaps, the following general conclusions can be drawn in the 

context of the assumed framework: 

- Heat pumps play a central role in reducing heat production costs and emissions. In the majority of 

the investigated scenarios, a bivalent system is necessary due to the high DHW supply 

temperatures. When differentiating between outdoor air and ground-source HP, the latter has a 

slight monetary advantage. However, this is strongly linked to the environmental conditions, e.g. 

general drilling permission (keyword: drinking water protection area) or assumed thermal 

conductivity of the underground. 

- Under the current assumptions, bivalent systems are superior to both the gas condensing boiler 

and the mono-energetic HP systems in terms of costs. However, mono-energetic systems are 

essential to achieve the targeted CO2 reductions. Possible measures to increase the share of mono-

energetic systems include increasing the maximum HP supply temperature or reducing the 

required DHW supply temperature, reducing investment costs through subsidies and reducing 

electrical energy costs. 
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- Under both economic and ecological considerations, the system switch to a bivalent HP system 

offers a significantly greater savings effect than a major building envelope refurbishment. From 

an economic point of view, the heating demand settles around 50 kWh/(m²a) (cf. Figure 6), which 

corresponds to a low-energy house standard. The increased insulation towards the passive-house 

standard is not refinanced by the heating energy saved. 

Within the scope of this analysis, the focus is placed on heating-dominated climates with corresponding 

building physics. In other locations, the optimization might yield differing results.  

6. Conclusions 

The presented work describes the development of a methodology for the calculation of cost-optimized 

refurbishment roadmaps for multi-family buildings with a focus on heat pumps. The novel optimization 

method consists of a dynamic thermal building and system simulation coupled with a particle swarm 

optimization. The objective is the identification of when and how should which component be refurbished 

in order to supply a building with heat at an optimal cost. In addition to the insulation level of the building 

envelope and the heating power for the heat supply, it also determines the time of implementation of each 

component. The U-value of five envelope components (window, wall, ceiling, floor, roof), the type and 

power of three heat generator technologies (gas boiler, air-source heat pump, ground-source heat pump) 

and their corresponding implementation dates comprise the search state and are subject to the optimization 

method. Furthermore, coupling effects between refurbishment measures and heat supply technologies are 

taken into account, such as the dependence of the coefficient of performance on the supply temperature, 

which in turn is a function of the insulation standard. Through the individual settings of the initial state and 

restrictions of the solution space (e.g. no ground source heat pump because of water protection area etc., 

compliance with certain CO2 limits), an individual solution customized to the building is possible.  

The newly developed methodology for optimizing the refurbishment roadmap is successfully demonstrated 

using a typical German multi-family building as an example. The added value of the complex approach is 

demonstrated by varying the degrees of freedom in the search space for the optimizer. The roadmap is 

thereby independent of subjective expert knowledge, takes into account the future development of costs 

and specific CO2 emissions and allows a free choice of implementation dates. Depending on the number of 

variable parameters, the optimization enables cost savings of between 6 and 16 % and CO2 savings of 

between 6 and 59 % over the period under consideration. 

In addition, the robustness of the refurbishment roadmap concerning the sensitivity of selected parameters 

and initial conditions is discussed. The CO2 savings increase with a longer operation period of the heat 

pump application and the amount of heat generated by it. In order to achieve a climate-neutral building 

stock, mono-energetic systems should therefore be aimed at in the long term. Under the assumed boundary 

conditions (costs, emissions, building type, construction year, etc.) and as a result of the previous 

investigations, the following conclusions can be drawn: 
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- The cost-optimal refurbishment level is a low-energy house standard with an average of approx. 

45-60 kWh/a/m² for medium and large multi-family houses and about 70 kWh/a/m² for small 

multi-family houses. 

- A significant CO2 reduction can only be achieved through the use of heat pumps 

- A cost-optimized heat supply system uses a bivalent system consisting of a gas condensing boiler 

and a brine HP. The share of heat pump power in the bivalent system is approx. 60-80%. 

Further improvements of the optimization model could include, for example, the addition of more 

technologies (district heating, photovoltaics, wood pellet heating), implementation of cooling systems, the 

analysis of more building types and building age classes in different climates and from various countries, 

as well as a more realistic representation of the internal cash flow. 
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Nomenclature 

Symbol Description Unit 

�⃗�𝑏𝑒𝑠𝑡 global memory  

𝑙𝑏𝑒𝑠𝑡 local memory  

�⃗� velocity vector  

�⃗� position vector  

a, b regression coefficients  

AHP air heat pump  

BHP brine heat pump  

c1 cognivitve factor  

c2 social factor  

COP coefficient of performance  

DHW domestic hot water  

ETICS external thermal insulation composite system  

GEG German building energy law  

HP heat pump  

iqr interquartile range  

LCOH levelized cost of heat €/kWh 

LMH large multi-family house  

MFH multi-family house  

MMH medium multi-family house  

mro maintenance, repair and operation costs € 

nG number of generations  

np population size  

NPV net present value  

pCO2 CO2 pricing €/tCO2 

PSO particle swarm optimization  

q interest rate % 

r inflation rate % 

r1,2 random numbers between [0,1]  

rv residual value € 

SH space heating  

SMH small multi-family house  

T period under consideration a 

THP max. heat pump supply temperature °C 

TIG thermal insulation glazing  

z investment costs € 

ω1,2 inertia weight  
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Appendix 

Table 9: Regression coefficients for spec. cost formulas [€/m²] for the building envelope components according to [70–72]† 

component description formula 

y = (a·xb) [€/m²] a [€/m²] b [-] 

window 2-TIG1) (U value = 1.9 W/m²K) 414.18 -0.212 

 2- TIG (U value = 1.3 W/m²K) 467.23 -0.232 

3- TIG (U value = 1.0 W/m²K) 541.27 -0.231 

3- TIG (U value = 0.8 W/m²K) 742.75 -0.208 

y = (a·x + b) [€/m²] a [€/(m²m)] b [€/m²] 

external wall external thermal insulation composite system 281.1 102.68 

floor bottom side / unclad 183.2 45.504 

ceiling walkable 214 28.67 

roof pitched roof 279 158.9 

1) TIG = thermal insulation glazing 

 

Table 10: Regression coefficients for specific cost formulas [€/kW] for the heat generation components according to [72] 

component description formula 

y = (a·xb) [€/kW] a [€/kW] b [-] 

gas boiler  1045.6 -0.415 

outdoor air HP  5670.1 -0.537 

brine HP without probe drilling 3693.3 -0.578 

y = (a·x + b) [€] a [€/m] b [€] 

probe1) costs for probe field (up to 160 m depth) 90 3000 

1) Own evaluation of cost offers  

 

  

 

† Adjusted to the development of the construction price index for construction services on residential buildings between 

2015 with index 100 and 2020 with index 116.4 [73]. 
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Table 11: Heat pump electricity price and gas price for the three price scenarios (without CO2 pricing, final price 180 €/tCO2 in 

2050, final price 260 €/tCO2 in 2050) with the standard case for all simulations of 180 €/tCO2 [72] 

year 

heat pump electricity price 1) in €/kWh natural gas price in €/kWh 

without CO2-

price 

180 €/tCO2 in 

2050 

260 €/tCO2 in 

2050 

without CO2-

price 

180 €/tCO2 in 

2050 

260 €/tCO2 in 

2050 

20202)  0.2358   0.0631  

20303) 0.2276 0.1920 0.1920 0.0879 0.1091 0.1132 

20404) 0.2154 0.1952 0.1956 0.0915 0.1289 0.1405 

2050 0.2031 0.1984 0.1992 0.0950 0.1486 0.1678 

1) heat pump electricity tariff 78.2% of regular household electricity price [74] 
2) values for the year 2020 [74] 
3) values for the year 2030 / 2050 with factor 1.047 (electricity) and 1.0106 (gas) from 2017 to 2020 [75] 
4) linear interpolation 

 

Table 12: CO2 and primary energy factors for electricity [76] and natural gas [77] locally at the consumer [72] 

year 
electricity natural gas1) 

CO2 emissions [g/kWh] primary energy factor [-] CO2 emissions [g/kWh] primary energy factor [-] 

2020 402.9 1.47 200.8 1.07 

2030 193.0 0.65 183.9 0.97 

20403) 107.1 0.35 175.2 0.92 

2050 21.1 0.05 166.4 0.87 

1) based on gross calorific value (original source specifies net calorific value – therefore here: conversion factor of 1.11) 
2)

 consideration of power-to-gas: 2020: 3.4 %, 2030: 14.1 %, 2050: 25.0 % 
3) linear interpolation 

 

Table 13: Dimension of the investigated small, medium and large multi-family buildings 

parameter 
value / comment 

small MFH (SMH) medium MFH (MMH) large MFH (LMH 

number of full storeys 2 3 5 

number of apartments 4 12 30 

number of staircases 1 2 3 

cellar & attic available and non-heated 

building orientation north-south (gable side) 

building dimensions 11.9 m x 16.1 m 11.9 m x 32.1 m 11.9 m x 48.1 m 

storey height 2.75 m 

clear ceiling height 2.55 m 

conditioned living space per apartment 75.7 m² 

net floor space 323.2 m² 969.5 m² 2423.7 m² 
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Table 14: Initial condition of the relevant optimization parameters in 2020 of the investigated building age class of 1990 

component initial value technical lifetime installation date 

window 3.20 W/(m²K) 30 a 1990 

exterior wall 0.66 W/(m²K) 40 a 1990 

top floor ceiling 0.38 W/(m²K) 60 a 1990 

bottom floor 0.58 W/(m²K) 60 a 1990 

roof 1.27 W/(m²K) 50 a 1990 

gas condensing boiler 52.5 kW 20 a 2010 

 

 


