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Abstract: Great potential for saving carbon emissions lies in modernizing European buildings. Multi-
year modernization roadmaps can plan modernization measures in terms of time and are able to
consider temporal interactions. Therefore, we have developed a mixed-integer program that de-
termines modernization roadmaps. These roadmaps include changing the energy supply system,
improving the envelope, and considering annually varying boundary conditions. High craftwork
capacities are required to implement the necessary modernizations to meet climate goals. Unfortu-
nately, studies showed that the current shortage of craftworkers will intensify in the next years. Other
important limitations correspond to energy resources. Recent crises show that many energy systems
need to handle these limitations. Therefore, we extended the mixed-integer program by a method to
handle these limitations inside the roadmaps. By the use of data from 90 interviews with craftwork
specialists about the time needed to realize modernization measures, the method is applied. The
main purpose is to analyze how modernization strategies change under limited resources, especially
in terms of craftwork capacities. Hence, the method is exemplified by a representative single-family
dwelling. Within this use case, modernization roadmaps with different craftwork capacity levels were
calculated. The results show that modernization roadmaps change comprehensively over these levels.
Key findings are that costs and emissions rise with decreasing craftwork capacities. Furthermore,
smaller storages and pv systems are implemented at low craftwork capacities. The electrification of
the heat supply supported by medium insulation standards should also be implemented with limited
craftwork capacities.

Keywords: optimization; mixed-integer programming; long-term; multi-year; building retrofit

1. Introduction

Existing buildings contribute to climate change with 28% of the global carbon emis-
sions [1]. More than 50% of the European buildings were built before 1980 without ambi-
tious regularities on energy efficiency [2]. Since these buildings are responsible for more
than 60% of the demand of all European buildings [2], a large emission-saving potential
lies in modernizing them and the majority of the rest of the building stock.

Optimization models as rational decision makers are used widely in energy research
to design building energy systems. In the last decades, many works of this field have
contributed to the modernization of buildings [3].

Because of different lifetimes of devices and components in building energy systems,
limited craftwork capacities and investment possibilities as well as further individual
reasons, it should be considered that multiple points in time are necessary to modernize
a building.

Costa-Carrapico et al. [4] analyzed over 500 studies and found that the long-term
behavior of buildings in a changing environment, such as climate change, is rarely studied.
Furthermore, the studies are used to determine building designs for one point in time and
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do not include temporal planning [4]. In their review, Fodstad et al. [5] stated that the
temporal dimension in energy system modeling is important and should be considered in
more depth at different levels of modeling.

In the realm of building modernization research, the aspect of long-term temporal
planning remains relatively unexplored. Thus far, the prevalent approaches focus on
single-year optimization methods, wherein decisions are exclusively made at the onset
of the designated observation period (e.g., [6-8]). Conversely, endeavors that incorporate
temporal considerations in building modernization predominantly revolve around the
prioritization of modernization sequences within building portfolios (e.g., [9]) or the analy-
sis of future boundary conditions through scenario assessments, such as evolving climate
conditions (e.g., [10]).

In contrast, multi-year approaches consider more than one point in time for the
decisions. These approaches have already been used in other fields of energy research,
such as designing microgrids [11] and distributed energy systems [12], and were proven to
lead to better ecological and economic performances than single-year approaches [13,14].
Advantages are the possibility of using time-varying parameters such as energy prices and
design decisions at different points in time that can be modeled dependent on each other.

Petkov et al. [15] and Richarz et al. [14] have previously devised multi-year methodo-
logies pertaining to building energy systems. In our study, we build upon the work of [14],
which introduced a mixed-integer linear program (MILP) aimed at the temporal planning
of modernization efforts pertaining to both the building envelope and the energy supply
system. With this MILP, modernization roadmaps of single buildings can be determined
for observation periods of up to 30 years. Since most of the yearly parameters in this model
underlie uncertainty by observing these long observation periods, a robust extension of this
MILP was proposed in [16] to handle this uncertainty. In [17], the MILP was extended by
the possibility of setting emission goals at specific points in time during a modernization
roadmap. Furthermore, a comparison of setting these goals with the amount of cumulative
emissions over the whole roadmap was done and characteristic values for multi-year design
optimizations were developed.

Targeted emission savings through the modernization of buildings requires diverse
resources. Some of these resources are only available in limited quantities, which should be
taken into account in the course of realistic long-term modernization planning. Among the
limited immaterial resources is the capacity of craftwork to realize modernization measures.
For example Seefeldt et al. [18] determined that up to 130,000 additional workers are needed
for the entire energy transition in Germany, of which the heating sector will account for about
20,000 employees by 2025. The study concludes that the skilled labor gap in this sector will
worsen by 2035 [18]. Drawing on the findings of Kenkmann and Braungardt [19], who also
identify a comparable labor shortage, it is recommended to prioritize the acquisition of
skilled labor within the framework of the energy transition. Consequently, it can be inferred
that the capacity of the construction industry is likely to pose a bottleneck for the energy
transition in the building sector. Therefore, it is advisable to incorporate this capacity
consideration into long-term modernization strategies. To include this into model-based
approaches, data about how long craftworkers need to realize modernization measures are
needed. However, these data are not freely available. Therefore, 90 expert interviews were
conducted to collect these data which are presented in Richarz et al. [20].

In the field of limited material resources, solid (e.g., wood pellets) and gaseous biomass
(bio gas) are particularly important to consider for building modernization. These energy
sources are also used in other sectors (mainly industry and national energy sector) and
their sustainable production is limited, which is why a limitation can be assumed for the
building sector [21]. According to the studies compared in [21], the use in Germany’s
building sector changes between a reduction of 90% and an increase of 30% until 2045;
while summed up over all consumption sectors until 2030, a constant amount of use is
assumed compared to the current level [22].
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To the best of our knowledge, there are no recent works dealing with limited craft-
work capacities and energy resources in optimization approaches for optimal building
modernization. The novelty of this work is to integrate the limitations of these resources
into an optimization model. Therefore, these resources must first be calculated inside
the optimization model, which has not yet been done in the case of craftwork capacities.
Second, the resources can be limited inside the model for which a new method is developed
in this paper. To handle these aspects, the model of Richarz et al. [17] is extended in this
work. Summarized, this work contributes to the following central aspects:

*  Application of data for modernization measures’ realization time by craftworkers;

*  Development of a method to handle limited material and immaterial resources in
optimization programs;

*  Analysis of modernization roadmaps under constrained craftwork capacities.

The paper is structured into a presentation of the multi-year mixed-integer program,
the method to handle limited resources in optimization models and the data generated by
the expert interviews. Consequently, the method is implemented on a typical single-family
house, and roadmaps featuring varying levels of craftwork capacity are compared. The
objective of this case study is to examine which modernization measures should be carried
out despite limited craftwork capacities and in which order measures are omitted within
modernization strategies for a single building.

2. Method

This chapter contains a description of the mixed-integer program (MIP) for the de-
termination of multi-year modernization roadmaps. Furthermore, we propose a method
to handle limited resources in optimization models and describe how this method was
implemented in the MIP. Finally, the data for the modernization measures’ realization time
by craftworkers and its integration into the MIP are described.

2.1. Multi-Year Mixed-Integer Program

The MIP used for this work is mainly based on the model presented in [14], to which
we refer for a detailed model description. This section presents the key aspects of this
model as well as the extensions for this work. Decision variables are written in bold in
the following.

To determine modernization roadmaps, the MIP annually decides about the optimal
building energy system. The MIP’s energy supply device superstructure encompasses
various heat supply components, including gas and pellet heating boilers, reversible
ground-source and air source heat pumps (hp air), combined heat and power units, and
direct electrical heating (eh). Compression and absorption chillers are possible for cold
supply. Furthermore, photovoltaic (pv) and solar thermal collectors (stc) may be installed
on the building’s roof. Additionally, the superstructure incorporates batteries and thermal
energy storages (tes). Efficiencies of the devices are modeled based on standards and
consider outside temperatures (hp air, vcrs, stc) and radiation (stc, pv). Additionally, each
component of the building envelope may be insulated (roof, outer walls, ground floor) or
changed (windows). All design decisions are continuous variables and binary variables
are used for investment decisions. A multi-zone demand calculation is integrated in the
optimization and typical days, determined by the k-MILP clustering presented in [23],
decrease the calculation effort of the MIP.

2.1.1. Objective Functions

The model encompasses two objective functions. The first objective function pertains to
the total costs (TC) associated with the modernization roadmaps, as defined in Equation (1).
TC consist of discounted yearly capital expenditures (Ci"V), operation and maintenance
costs (C°%™) and demand-related costs (C9e™) [24]. Since this objective includes both
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capital expenditures and demand-related costs, the cost-effectiveness of modernization
measures is evaluated based on energy savings within the model.

min TC = C"V 4 co%m 4 cdem )

The second objective function in the model focuses on the cumulative carbon emissions
Emi throughout the observation period of the roadmap, as illustrated in Equation (2). This
objective comprises the emissions resulting from the consumption of gas Emi®**, wood
pellets EmiPellet, and electricity Emi®!. By considering these factors, the model aims to
minimize the cumulative carbon emissions associated with the modernization measures
implemented in a roadmap.

min Emi = Emi®s + EmiPellet | Fpyiel @)

To evaluate both objective functions, Pareto-optimizations can be calculated with
the model.

2.1.2. Economic and Ecological Constraints

Capital expenditures C'™" resulting from investments are composed of two compo-
nents: Purchases for new devices CI"V4¢V within the energy supply system and renovation
measures C'™" aimed at improving the building’s envelope, as described in Equation (3).

Cinv _ Cinv,dev + Cinv,env (3)

Investment opportunities are available in each considered year 7, and the investments
in new devices are computed using Equation (4). The model not only determines the
optimal selection of the energy system but also determines the timing for implementing
devices and insulation measures within the roadmaps. Investments in devices dev comprise
a fixed (cgjy) and a yearly variable power-specific component (c4,, ;) that encompass the
costs of purchasing and installing the device. The binary decision variable X, ; serves as
an indicator of whether a device has been purchased in a year. Additionally, the continuous
variable pg.,,; quantifies the nominal power associated with the device. With the interest
rate  and the observation period 7, all investments are discounted to their year of purchase.

ldevgl’l—i

(1 - (1T:§Z—1)) liew >n —i

Cinv,dev — i 1

LTy @)

(Z(pdev,i * Cdep,i T Xdev,i ’ Cg;(v) ’

dev

If the lifetime [;,, of a device exceeds the remaining observation period, a residual
value (rv) is respected. pr}} is the proportion of the device’s remaining lifetime after the
v
(ETEE
for the device lifetimes are based on [24]. Devices with remaining lifetimes present in the
building at the beginning of the considered observation period exhibit lower efficiency but
can still be retained within the building.

In the original model of [14], investments in insulation measures were modeled by
binary variables for three different insulation levels, i.e., standards. To make recommenda-
tions regarding insulation thickness, we developed an approach with continuous decisions
for insulation investments (Equations (5) and (12)—(14)).

These investments in insulation measures are still possible in every year i and always
affect the entire surface to be insulated (outer walls, roof, ground floor) or to be changed
(windows). Analogously to the investment decisions in devices, the costs for insulation
measures consist of a fixed part cfX , for the installation and a part CEE;CLS related to the
continuous decision of the insulation thickness bjygy1 ;. The binary variable Xj,,q,1; equals 1
when a insulation measure is bought. For windows, a continuous decision for the difference
AlUyin,; of the heat transfer coefficients, i.e., U-values, before and after the windows’ change
is implemented analogously.

Values

considered observation period and investments are adjusted by the use of
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Cinv,env _ i( 1
i=

W( Z (binsul,i * Cinsul T Xinsul,i : Cfinéul) + Allwin,i * Cwin + Xwin,i : C&;)in)) (5)
=1

insul

Equation (6) presents the demand-related costs for energy sources and earnings from

sold electricity. These costs are calculated by the hourly decision variables egzsipeuet/el for

llet/el
energy consumption and by yearly varying energy prices cgas/ pellet/e , proceeds s?ale'el from

self-generated electricity and the weighting factor w, for each typical day. Given that each
typical day represents multiple days from the original data set, the demands are weighted
to account for this representation.

Cdem _ i (1i Z d ??zt . C;g,as + eg;ﬂet . Cfellet + fldt C el efa:llc;,el Zsale el) (6)

Costs for operation and maintenance are dependent on the initial investment of a
device and device-specific parameters from [24].

With the presented model, the combination of devices is not restricted and investments
are possible in every year. In comparison to single-year models (e.g., [6,7]) that decide
about the optimal energy system at one point in time, this multi-year approach allows
expenditures in any year to determine a roadmap of all modernization decisions over the

observation period.

/pellet/el
Cumulative carbon emissions (Equation (7)) as second objective derive by e%stpe eve

and emission factors £, fpellet fl.el. Emission factors for pellets and gas can be found
in [25]. The factor for electricity is prognosed based on the share of renewable energies in
German public electricity and goals for their development in [26-30]. This factor changes
yearly because of the expansion of renewables in the electricity grid. The values of the
emissions factors can be found in Table A5.

. 11 t
Emi = Z Z wd 18;; . fgas te Pe e fpellet 1e,1d,t lel) (7)
i=1d=1 t=1

Next to the Pareto optimization with the two mentioned objectives TC and Emi, in [17]
the model was extended by carbon footprint goals that can be set for each year of the
roadmap (Equation (8)). In general, emission goals are mostly defined relatively to an
existing footprint or a footprint of a specific year, e.g., 1990. Therefore, in a first step,
the emissions Emieyiet that occur by an economic optimization of the existing building
energy system without any modernizations are calculated. In a second step, these existing
emissions are part of a newly integrated constraint where carbon emission goals enigya) i,
which are parameters between 0 and 1, can be set for each year. Thereby, the yearly
emissions Emi; can be restricted.

24
. as pellet llet 1 1 . . .
Emi; = Y wy (ef”d,t- 8% te; g [Pt elgr fiT) S Emiexist - emigoa; Vi (8)
1

Next to the emission factor of electricity, prices for energy sources and devices change
yearly in the model. These changes can be contemplated in the model by setting parameters

annually. Therefore, needed projections for the gas and electricity price ngas, c?l until 2050

saleel .

can be found in [31]. The sale price of electricity s; is assumed to develop analogously

to the electricity purchasing price. According to [32], the price development of pellet Cpenet

is similar to the development of electricity and gas. By the use of [33-36], prices were
scaled with the mean prices of year 2022 to guarantee similar start points of the price
developments. Yearly forecasts for device prices c4,,, ; are calculated with a learning curve
approach proposed by [37-39] and with data from [38,40—42,42-52] for the European market
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utetal —

concerning historic prices, installed devices and prognoses of future installed devices. All
energy as well as device and installation prices can be found in Appendix A.

2.1.3. Technical Constraints

The technical constraints of the model comprise the demand calculation of the building,
constraints for the operation of the devices and constraints for the limitation of resources.
Since we use a new demand calculation compared to the original model and extend the
model by the effect of limited resources, these aspects are described in the following.
Devices have to cover the demands at all time steps. For the constraints concerning the
devices’ operation, we refer to the original model in [14].

In the original model of [14] as well as in the mentioned approach by [15], demand
load profiles serve as an input for a MIP. On the one hand, what is advantageous about
this is that non-linear demand simulation can be used. On the other hand, no dynamic
relation between the previously carried out demand simulations and the operation of the
devices can be realized. Furthermore, to incorporate insulation measures of the building
envelope, demand load profiles for different insulation standards need to be calculated.
This means that continuous decisions concerning the insulation are not possible and with
an increasing number of insulation standards being incorporated, computation efforts
increase exponentially.

Therefore, we integrated a 1R1C demand model directly in the MIP which eliminates
the described disadvantages. Fux et al. [53] showed that these models lead to low com-
putational times and, despite simplification of the heat transport mechanisms, allow an
accurate calculation of the demand. RC-models model heat transport mechanisms with
heat resistances (R) and thermal capacities (C).

Equation (9) shows the calculation of the hourly building’s heating and cooling de-
mand Q?Z’? heatfcold ot every typical day d within a year i. This calculation accounts for

transmission heat losses via an average heat transfer coefficient (U-value) U°%! of the
building envelope, which is derived from the area-weighted coefficients of the building
envelope components (Equation (10)). The associated temperature difference is obtained
from the outdoor temperature Tla;“tb and the indoor temperature of the building Tl"‘,}tt

For the first time step of every day, an initialization temperature of T“‘} 1 =21°Cis

set. Furthermore, a lower bound for every time step is set by Tl“;t > 21 °C to guarantee
thermal comfort. Since the model minimizes costs, it will not overheat the building to
uncomfortable temperatures, wherefore no upper bound is needed.

Solar gains QSOlar are calculated based on annually varying weather data due to
direct and diffuse solar radiation. Internal loads QIZI;Z eidf and the ventilation heat loss
coefficient v,,,, ; 4 ; are calculated for every zone of the building and are based on occupant
presence as well as equipment activity profiles and parameters in SIA 2024 [54]. The
thermal storage capacity of the building fabric Cap®" is based on normative regulations
in DIN EN ISO 13790 [55] and DIN EN ISO 13786 [56] and necessary component parameters.
The domestic hot water demand of each building zone is also calculated dynamically based
on occupancy profiles in SIA 2024 [54].

build int int _ total env amb 1nt solar
Cap (Tz, dt— Lide— 1) = (" ATV + Z Vzone,iid,t) ° (Ti,d,t - zdt) det
zone (9)
Sint dem, heat dem,cold .
Z lzrtl)ne,i,dt+Q1,;lt Qldt Vidte {1,..,23}
zone
d . .
( Asground ulgroun + Aroof | Uiroof 4 Aouter walls | ulputer walls + Awindows ulyvmdows) Vi 10)

AEHV

U"’t"11 and T“;t are both continuous decision variables. Therefore, Equation (9) is a
quadratlc constraint which defines the model as a mixed-integer quadratically constrained
program (MIQCP). The model is solved by the solver of Gurobi [57].
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To ensure a consistent energy balance, it is specified that the heat charged and dis-
chr,cap
id,t

= dischr,cap . .
and Q; ;; are defined whose sum over a year equals 0. Start values at every typical
day are decided during the optimization process itself.

charged in the building fabric is constant over one year. Therefore, the heat flows Q

Qhucap _ ydischicap _ g puild . (int _pint ) i d e {1,...,23} (11a)
Y Y Qi Yy Qinetner — g v (11b)
d t d t

The U-values of the building envelope components in Equation (10) are determined
by decisions of the optimization model to insulate the building envelope or replace the
windows. For this purpose, the non-linear relationship (Equation (12)) between insulation
thickness b;,; and the resulting new U-value U7, is linearized piecewise. The thermal
resistance RPUld of the existing building and the thermal conductivity A;,g,,; of the insulation
are calculated from the component databases in [58] and the resistances of the adjacent
interior R% and exterior air R are taken from DIN EN ISO 6946 [59].

1
new __
Uinsul - RSi+Rbuild+ l}’\insul + Rse (12)

insul

Table 1 shows the grid points of this linearization, where the largest grid point for the
insulation thickness of a component also corresponds to the maximum possible thickness
in the model in order to ensure the moisture protection of the building envelope. The other
points were chosen based on the lowest difference to the non-linear relationship.

Table 1. Grid points for linearization of the relationship between insulation thickness and U-value.

Grid Point Outer Walls Roof Ground Floor
1 0.03 m 0.03 m 0.03 m
2 0.10 m 0.11m 0.08 m
3 0.24m 0.30 m 0.12m

This linearization allows the thickness bjysy,1,; of the insulation to serve as a contin-
uous decision variable of the model. In one year of the modernization roadmap, this
thickness corresponds to the sum of all decisions since the beginning of the period under
consideration.

i
binsuli = Zbinsul,i Vinsul € {ground floor, outerwalls,roof},i (13)
i=0

For window replacement, the difference Aly;p ; between the U-value after the change
of windows and the U-value of the existing windows is integrated analogously as a
continuous decision variable.

i
AUyin; = ) AUy 7 Vi (14)
=0

The aim of this research is to analyze the influence of limited craftwork capacities on a
single building. Therefore, the capacity, i.e., the time that craftworkers need to realize a
modernization measure, must be calculated. To handle craftswork capacities, we extended
the model in this work by constraints (Equation (15)) to calculate the time craftworkers
need to realize, i.e., to construct, a modernization measure in an existing building. This time
ct comprises a fixed part and an area- or power-specific part. The fixed part ct1X represents
aspects such as the modernization measure’s preparation and planning, journey to the
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building and delivery of tools and devices, and coordination with craftworkers of other
fields and the building owner. The specific part ct*P*° represents the actual implementation
of the measure whose realization time is dependent on the area of a component (e.g., outer
walls area to be insulated) or the size of a device (e.g., volume of a thermal energy storage).

ctaev,i = Xdev,i - ctfil;‘v + Pdev,i ~ct2€§c Y dev,i (15a)
Ctonv,i = Xenv,i - ctii,;‘v + Agno,i - Clono. ¥ env € {ground floor, outerwalls,roo f, windows}, i (15b)
However, freely available data for this craftswork time (ctfX, ct5P*°) are missing.

Therefore, 90 expert interviews with craftworkers of different fields were conducted
by Richarz et al. [20]. Their method to collect the data and the generated data itself
are described in the next subsection.

2.2. Data Generation for Modernization Measures” Construction Time by Craftworkers

In the first step, an interview guideline was developed to ensure that every interview
was conducted in the same way and quality regardless of who conducted it. Interviews
were done with two methods: on the one hand via telephone and on the other hand via a
questionnaire, based on the interview guideline, that was briefly explained and then filled
out independently. Both procedures consisted of an information phase and a data phase.

In the information phase, the background of the research, and privacy of personal and
company data were explained; permission was also requested to be allowed to use the data
on craftwork realization times and to publish the data in an aggregated form. Furthermore,
it was requested that average data for typical existing buildings and that the craftwork time
should comprise the mentioned aspects of ctiX and c#°P*° in the former section. Finally, it
was asked that waiting times for equipment, delays in deliveries or the construction process
as well as additional time due to errors of other craftwork fields should not be considered.

In the data phase, the actual data were collected. This part was divided in the time for
modernization measures concerning the building envelope, the uninstallation of existing
devices and the installation of new devices. Average values as well as associated 95%-
confidence intervals are shown in Figure 1.

Concerning envelope insulation and the change of windows, the experts could provide
area-specific data and under the assumption that the whole area is insulated, no ct'* is
needed additionally. Confidence intervals are low for insulating outer walls and flat (f) roofs
as well as changing windows, and slightly higher for insulating pitched (p) roofs. In general,
the experts told that these values would be transferable to many different residential and
non-residential buildings but added that values for complex building cubature or other
special cases would vary.

Traditionally, European buildings are provided with heat by gas or oil boilers. One key
message of the interviews was that the uninstallation of oil boilers is more time-consuming
since the disposal is more complicated and an additional oil tank needs to be uninstalled.
Since large (1) devices (>100 kW) must be disassembled into individual parts within
the building and cannot be removed in one piece, their uninstallation needs more time
than small (s) devices. The same effect applies to the installation of new thermal energy
storages (TES).

Another interesting point was that the installation time of new heating devices in
typical buildings is not dependent on their size but only per piece. Here, the data show
higher average values and also higher confidence intervals for new technologies such as
air- or ground-source heat pumps (ASHP, GSHP) compared to conventional suppliers such
as gas boilers. Higher average values can be attributed to the fact that new technologies are
more complex and higher confidence intervals to the different experiences that craftworkers
have with these new devices.
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Figure 1. Average data and error bars of the generated data for the realization time of modernization

measures by craftworkers based on 90 expert interviews. Abbreviations: flat (f), pitched (p), small

(s), large (1), biomass (biom.), combined heat and power (CHP), district heating (DH), solar thermal

module (STC), photovoltaic modul (PV), air-source heat pump (ASHP), ground-source heat pump

(GSHP), vapour-compression refrigeration system (VCRS), battery (BAT), thermal energy storage

(TES), geothermal probes (probes), geothermal collector (col.), radiator (rad.).
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(1) Initial unlimited

roadmap calculation.

For solar-powered systems, module-specific values could be provided and experts
said that the surrounding infrastructure (e.g., cabling) increases linearly with the number of
modules. Concerning heat transfer systems, we consider geothermal probes and collectors
as well as the change of radiators that may be necessary to use low-temperature systems
such as heat pumps. Installation times for probes were provided per piece where according
to the experts, primarily the soil texture has a strong influence on the installation time and
the depth of the probes is rather secondary. Values for collectors and radiator change could
be provided per area.

According to the mentioned results, a fixed part ctf* for installation times is only
needed for TES and existing boilers. As shown in Table 2, it was possible to dispose the
generated data for these devices into a fixed and a specific part based on a linear regression.

Table 2. Disposition of the realization time by craftworkers into a fixed ctf* and a specific part ct°Pec.

Device/Component ctfix ctspec
Installation of thermal energy storage (TES) 16.2h 5.8 h/m?3
Uninstallation of existing gas boiler 47h 0.27 h/kW
Uninstallation of existing oil boiler 19.1h 0.35h/kW
All other modernization measures 0h Figure 1

2.3. Limited Resources

Figure 2 gives an overview of the developed method to handle limited resources in
the used MIP.

In the first step (1), economical optimal modernization roadmaps are determined with
the MIP without limiting resources. Second (2), out of the results of these roadmaps, we can
quantify the needed energy resources e*“°" and craftwork resources ct*“°" in an economical
optimal roadmap. Based on the following constraints for step three (3), we are able to limit
these resources step by step in further optimization runs.

(2) Quantify (3) Roadmap
resources in eco- calculation with
nomic optimal different levels of

(4) Comparison
of roadmaps with
different levels of

Figure 2. Methodological steps to handle limited resources in the MIP.

Basically, there are two options to limit resources res in the model: Either, the sum of
a resource over the whole roadmap may be limited by Equation (16) where red,.; is the
reduction parameter of a resource that can be set between 0 and 1. Thereby, roadmaps with
different levels of a limited resource can be determined.

n

Y eresi < redres - €™V res € {gas, pellet} (16a)
i=1

n

Y (Y ctaeni + Y Ctenv,i) < redpes - ct*" (16b)
i=1 dev env

The other possibility is to limit resources yearly via Equation (17).

€res,i < Tedres - erss V res € {guas, pellet},i (17a)
Y Ctgeni+ Y Clenv,i < redyes - ct*O" Vi (17b)
dev env

With limitations over the whole roadmap, general effects such as limited craftwork
capacities for the realization of the energy transition in a specific country can be analyzed.
By setting yearly constraints, developments of resources can be set. An example would
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be to assume the availability of biomass for buildings’ heating to increase or decrease
over time.

Finally, it is possible to compare roadmaps of different levels in the fourth step (4).
Within this paper, we focus on applying this method to limited craftswork capacities by the
use of the generated data from the conducted expert interviews.

3. Application on a Typical Residential Building

The use case for this work is a typical German single-family house according to [60]. It
was built in building age class 1969-1978 with corresponding heat transmission coefficients
(outer walls: 0.83 W/m?2K, roof: 0.41 W/m?2K, ground floor: 0.68 W/ m2K, windows:
2.8 W/m?K) calculated based on the material data base of [58]. The building has a floor
area of 173.3 m2, a outer wall area of 177.6 m2, a window area of 34.2 m?, a pitched roof area
of 183.1m?2, a ground floor area of 74 m? and a heated volume of 518 m3. In the initial state,
heat is provided by an existing condensing gas boiler and distributed by radiators. Based
on Germany’s emission goal for the building sector in 2030 and a linear continuation for
2040, the maximum emissions in these two years in relation to the emissions in the initial
state are set to 32% and 16% respectively. All roadmaps are calculated with five-year steps.

In Figure 3, modernization roadmaps with six levels of craftwork capacities are shown.
Therefore, the possible craftwork capacities were limited based on the the roadmap without
limitations (100% craftwork capacity). The values of the two objectives are presented in the
top subplot, as are the decisions of the model concerning the energy supply system (middle
subplot) and the insulation standard of the envelope (bottom subplot). Furthermore, the
existing state of the building is presented (ex.).

The first thing to be noticed is that roadmaps of all craftwork capacity levels can
reduce total costs and cumulative emissions of the building compared to the existing state.
This means that modernizations are not only saving emissions but are also economically
sensible under recent boundary conditions. Although fewer modernization measures
are realized with lower capacity levels, the total costs over the considered observation
period increase almost linearly with reducing the capacity level. This is due to the fact
that economically less optimal modernization measures are realized. Noteworthy is that
although the set emission goals are met in all capacity levels, cumulative emissions increase
with reducing the capacity level. Limited craftwork capacities thus also indirectly lead to
higher emissions.

Concerning the energy supply system, decisions of the model vary significantly be-
tween the roadmaps of different capacity levels. Under recent boundary conditions, air-
source heat pumps (hp air) combined with direct electrical heating (eh) are chosen. The
hp can cover the majority of the heat demand while eh supports on very cold days. Self-
generated electricity from photovoltaic modules (pv) lowers the emissions of the heat
supply. The temporal offset between electricity generation and heat demand can be com-
pensated to a large extent by the thermal energy storage (tes).

As the craftwork capacity is reduced, the existing boiler is used for longer, because
fewer or smaller new devices can be installed. This is one reason for higher emissions at
lower capacity levels. Another reason is the decreasing size of the pv system with reducing
the capacity level because fewer modules take less time to be installed. With a decreasing
pV system size, also the size of the eh decreases because less emission-free electricity is
available. Since renovation decisions of the envelope change in the lowest capacity level,
eh needs to be enlarged here which leads to higher costs and exponentially increasing
emissions. Furthermore, the tes also decreases with reducing the capacity level and is not
built at all after a capacity level of 60%. Hereby, hp’s electricity consumption from the
public grid increases which leads not only to higher emissions but also to higher loads for
the electricity grid.

The model considers that hps are only used at supply temperatures below 55 °C and
that hps work more efficiently at lower supply temperatures. The supply temperatures can
be lowered by replacing the existing radiators or/and by insulating the building envelope.
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This the reason why insulation measures are chosen in every capacity level to lower the
demand and enable the hp. Between the 100%- and 20%-capacity level, outer wall and
ground floor insulation are chosen. Since roof insulations take less time, this measure is
chosen in the lowest capacity level instead of insulating outer walls. From the analysis of
the envelope renovation decisions, we can also conclude that for the examined building,
ground floor insulation has the highest efficiency in terms of energy added value at the
realization time.

330
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Figure 3. Modernization roadmaps of a typical single family house under constrained craftwork

capacities. Abbreviations: existing (ex.), electrical heating (eh), air-source heat pump (hp air),
photovoltaic (pv), thermal energy storage (tes).

4. Discussion

With the 1R1C demand model, the demand calculation can be done inside the op-
timization procedure. Thereby, interdependencies between the capacity of the building
fabric and the operation of the supply system are considered. One example of such an
interdependency is that the building can be overheated to store heat inside the building
fabric. However, more detailed demand calculation approaches, such as energy simu-
lations (e.g., EnergyPlus, Modelica) exist. Because of extensively higher computational
efforts, these simulations cannot be integrated into the optimization procedure. Therefore,
Petkov et al. [15] and Richarz et al. [14] determine modernization roadmaps and use de-
mand profiles from energy simulation programs that are calculated in advance of the
optimization procedure. The disadvantage of these approaches is the lack of consideration
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of the interdependencies between the capacity of the building fabric and the operation of
the supply system.

Another aspect is the uncertainty of boundary conditions such as energy prices. Since
modernization roadmaps of up to 30 years are determined, the boundary conditions are
based on scenarios and prognoses that are naturally subject to uncertainties. It is possible to
quantify the influences of these uncertainties with sensitivity analyses as proposed in [61].
Furthermore, stochastic (e.g., [12]) or robust (e.g., [16]) optimization approaches can handle
the uncertainties inside the optimization.

Regarding the limitation of craftwork capacities, capacities may be distributed dif-
ferently across craftwork areas (e.g., envelope insulation, heat supply system). Since our
approach limits the sum of all craftwork areas together, further insights could be gained by
distinguishing between the limitation of these areas.

5. Conclusions and Future Work

This work builds up on an optimization model for the determination of modernization
roadmaps. We extended this model by a two-fold method to handle limited resources.
The focus lies on limited energy resources and craftwork capacities. Data concerning the
modernization measures’ realization times required by craftworkers was used out of recent
research data that are based on 90 expert interviews.

An analysis of the craftwork data showed that most of the realization times for modern-
ization measures at energy supply devices are independent of the device size. Confidence
intervals for conventional devices (e.g., gas boilers) are smaller than those of newer devices
(e.g., heat pumps) which is due to different experiences of craftworkers with newer devices.
Realization times of insulation measures are linearly dependent on the size of the compo-
nent to be insulated. In general, the interviewed experts reported that the requested time
data are transferable to many different residential and non-residential buildings except
untypical special buildings.

Based on the results of the application on a typical single-family house, limited craft-
work capacities lead to higher total costs for a building’s modernization as well as to higher
emissions by the modernized building energy systems and higher loads for the public
electricity grid. Modernization roadmaps with limited craftwork capacities tend to use
existing fossil fuels longer. Furthermore, our results show which measures should be done
even in the case of limited craftwork capacities and which measures are omitted first: First,
smaller thermal energy storages are implemented. If capacities are limited more, smaller
pV systems are installed. Heat pumps combined with electrical direct heating are used
even in roadmaps with very limited craftwork capacities. To make this heat supply system
possible, the envelope is insulated at least at two possible components.

Future works could deal with analysis where only single fields of craftwork (e.g.,
insulation, heat) are limited. Further limited resources such as insulation materials and
devices of the energy supply system could also be analyzed. Since the confidence intervals
show uncertainties in the realization times, uncertainty methods such as sensitivity analyses
or robust optimization could be applied. Furthermore, the method could be applied to
other building types as well as to multiple buildings being optimized together in the model
with limited resources, to see which building types should be prioritized in the case of
limited resources.
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Appendix A. Parameters of the Model

Table A1l. Fixed price part for the purchase and installation of devices and insulation of components
based on [62,63].

Device/Component cfixin €
gas boiler 3507
pellet boiler 7833
combined heat and power 5800
direct electric heating 100
air-source heat pump 2540
ground-source heat pump 2540
photovoltaics 213
solar thermal energy 159
thermal energy storage 239
battery 1007
outer wall insulation 19,923
roof insulation 7150
ground floor insulation 2644
window change 4412

Table A2. Specific price part for the purchase and installation of components” insulation of the
single-family house in € per insulation thickness as well as change of windows based on [64,65].

Couterwall Croof Cgroundfloor Cwindow
in €/m in €/m in €/m in €/AUy;n
57,720 50,719 10,730 5814

Table A3. Specific price part for the purchase and installation of heat supply and storage devices. Own
calculation with a learning curve approach proposed by [37-39] and with data from [38,40—42,42-52].
Abbreviations: photovoltaics (PV), solarthermal energy (STC), air-source heat pump (ASHP), ground-
source heat pump (GSHP), combined heat and power (CHP), gas boiler (Gas), pellet boiler (Pellet),
direct electric heating (EH), battery (BAT), thermal energy storage (TES).

Year PV STC ASHP GSHP CHP Gas Pellet EH BAT TES
in €/kW, in €/m? in €/kWy, in €/kWh in €/L
2023 593 504 762 762 1147 150 1101 21 590 0.61
2024 576 499 743 743 1058 150 1085 21 580 0.61
2025 569 494 726 726 1034 150 1070 21 572 0.61
2026 556 489 709 709 1012 150 1056 21 562 0.61
2027 547 485 693 693 991 150 1043 21 554 0.61
2028 542 481 676 676 973 150 1031 21 544 0.61
2029 533 477 659 659 956 150 1020 21 535 0.61
2030 524 473 643 643 940 150 1010 21 524 0.61
2031 515 470 636 636 925 150 1000 21 501 0.61
2032 507 468 629 629 911 150 991 21 498 0.61
2033 502 465 623 623 898 150 982 21 488 0.61
2034 499 463 618 618 886 150 974 21 480 0.61
2035 494 460 613 613 874 150 966 21 473 0.61
2036 490 458 608 608 863 150 958 21 464 0.61
2037 486 456 604 604 853 150 951 21 459 0.61
2038 482 454 600 600 843 150 944 21 452 0.61

2039 479 452 596 596 834 150 937 21 445 0.61
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Table A3. Cont.

Year PV STC ASHP GSHP CHP Gas Pellet EH BAT TES
in €/kW, in €/m? in €/kWy, in €/kWh in €/L
2040 476 450 592 592 825 150 931 21 429 0.61
2041 474 448 589 589 816 150 925 21 423 0.61
2042 471 446 585 585 808 150 919 21 421 0.61
2043 469 445 582 582 800 150 913 21 417 0.61
2044 466 443 579 579 793 150 908 21 408 0.61
2045 464 441 576 576 786 150 903 21 397 0.61
2046 462 440 574 574 779 150 898 21 390 0.61
2047 461 438 571 571 772 150 893 21 385 0.61
2048 459 437 569 569 766 150 888 21 385 0.61
2049 458 435 566 566 759 150 883 21 377 0.61
2050 456 434 564 564 754 150 879 21 366 0.61
2051 456 432 562 562 748 150 874 21 364 0.61
2052 455 431 559 559 742 150 870 21 362 0.61
2053 455 430 557 557 737 150 866 21 360 0.61

Table A4. Annual energy prices of the energy sources.

Calculation Based on [31,33] [34] [32,35] [31,36]
Year i c¢! in €/kWh sl in €/kWh P in €/kWh & in €/kWh
2023 0.3857 0.2081 0.1080 0.1648
2024 0.4179 0.2254 0.1067 0.1259
2025 0.4013 0.2165 0.1027 0.1218
2026 0.3849 0.2076 0.0997 0.1230
2027 0.3685 0.1988 0.0967 0.1242
2028 0.3521 0.1899 0.0937 0.1255
2029 0.3357 0.1811 0.0908 0.1267
2030 0.3193 0.1722 0.0878 0.1279
2031 0.3177 0.1714 0.0880 0.1304
2032 0.3162 0.1706 0.0881 0.1328
2033 0.3146 0.1697 0.0883 0.1353
2034 0.3131 0.1689 0.0885 0.1378
2035 0.3115 0.1680 0.0887 0.1402
2036 0.3121 0.1683 0.0892 0.1423
2037 0.3127 0.1687 0.0897 0.1443
2038 0.3132 0.1690 0.0902 0.1464
2039 0.3138 0.1693 0.0907 0.1484
2040 0.3144 0.1696 0.0912 0.1504
2041 0.3152 0.1700 0.0917 0.1521
2042 0.3160 0.1705 0.0922 0.1537
2043 0.3168 0.1709 0.0927 0.1554
2044 0.3175 0.1713 0.0931 0.1570
2045 0.3183 0.1717 0.0936 0.1586
2046 0.3193 0.1722 0.0939 0.1592
2047 0.3203 0.1728 0.0942 0.1599
2048 0.3213 0.1733 0.0945 0.1605
2049 0.3222 0.1738 0.0949 0.1611
2050 0.3232 0.1743 0.0952 0.1617
2051 0.3240 0.1748 0.0956 0.1632
2052 0.3248 0.1752 0.0961 0.1646
2053 0.3256 0.1756 0.0965 0.1661

Table A5. Annual emission factors of the energy sources.

References Own Calculation Based on [26-30] [25] [25]

Year i f£!in kg/kWh frellet jn kg/kWh £8% in kg/kWh
2023 0.3428 0.028 0.247
2024 0.3240 0.028 0.247
2025 0.3053 0.028 0.247
2026 0.2861 0.028 0.247
2027 0.2669 0.028 0.247
2028 0.2478 0.028 0.247
2029 0.2286 0.028 0.247

2030 0.2094 0.028 0.247
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Table A5. Cont.

References Own Calculation Based on [26-30] [25] [25]
Year i £ in kg/kWh frellet jn kg/kWh £8% in kg/kWh
2031 0.2018 0.028 0.247
2032 0.1942 0.028 0.247
2033 0.1865 0.028 0.247
2034 0.1789 0.028 0.247
2035 0.1713 0.028 0.247
2036 0.1637 0.028 0.247
2037 0.1562 0.028 0.247
2038 0.1487 0.028 0.247
2039 0.1411 0.028 0.247
2040 0.1336 0.028 0.247
2041 0.1266 0.028 0.247
2042 0.1195 0.028 0.247
2043 0.1125 0.028 0.247
2044 0.1055 0.028 0.247
2045 0.1030 0.028 0.247
2046 0.1005 0.028 0.247
2047 0.0980 0.028 0.247
2048 0.0955 0.028 0.247
2049 0.0930 0.028 0.247
2050 0.0905 0.028 0.247
2051 0.0880 0.028 0.247
2052 0.0855 0.028 0.247
2053 0.0830 0.028 0.247
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