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ARTICLE INFO ABSTRACT

Keywords: Optimal decarbonization paths of urban heating systems contain both heat demand- and supply-side related
Energy system model measures. Building retrofits, i.e., measures that increase buildings’ energy efficiency, affect the optimal choice
District heating of heat generation, which in turn influences optimal building retrofit decisions. Existing energy system models
g‘:g::gg;z:gg; struggle to represent these interdependencies model-endogenously; either a high level of abstraction does not

capture key characteristics of the heating system sufficiently accurately or the computational costs are too
high if existing, detailed methods are applied at an urban scale. This paper presents mixed-integer linear
programming-style optimization conditions that allow to treat these interdependencies model-endogenously
at an urban scale with a heterogeneous residential building stock. The urban area is divided into districts,
each with multiple archetype buildings representing various building types and energy standards. Retrofit
decisions are determined within the model for each district, reducing heat demands and enabling lower heat
supply temperatures and thereby more efficient heat generation units. Different existing mixed-integer linear
programming-based energy system modeling frameworks can be extended using the proposed new conditions,
with only five coupling constraints to the remainder of the system. The technical benefits of the methodology
are demonstrated with an experimental case study featuring an urban area with three districts.

Mixed-integer linear programming

1. Introduction energy carriers and transformation processes. However, if applied to

the heating sector at an urban scale, they fail to represent key charac-

Decarbonizing the heat supply of buildings is essential for achieving
energy and climate targets [1]. Currently, 75% of buildings in the
European Union are energy-inefficient, and 50% of residential space
heating relies on natural gas or oil [2]. Addressing these challenges
at the level of individual buildings is insufficient, as solutions like
district heating networks (DHNs) operate on scales larger than a single
building [3]. District heating offers significant potential for reducing
primary energy use in the European Union [4]. Consequently, research
shifted towards approaches that consider entire districts or even larger
spatial scales. The adoption of 4th Generation District Heating systems
(4GDHs) [5], which integrate renewable energy sources and operate at
lower supply temperatures, requires additional accounting for building
retrofits, such as adding insulation to individual building components,
to reduce the total heat demand [6].

Partial equilibrium energy system models are widely used for the
techno-economic optimization at various scales. Multiple frameworks
for energy system modeling (ESM) such as TIMES [7], OSeMOSYS [8],
oemof [9] or CESM [10] share a similar abstraction level, encompassing

* Corresponding author.
E-mail address: carolin.ayasse@eins.tu-darmstadt.de (C. Ayasse).

https://doi.org/10.1016/j.energy.2025.138628

teristics sufficiently accurately. There exist complex interdependencies
between heat demand-side and heat supply-side measures [11], and
they should therefore be considered simultaneously [12]. For example,
after retrofitting the building envelope, the heat supply temperature
can be lowered, and as a consequence the efficiency of an installed heat
pump (HP) increases. Buildings can either have their own individual
heat generation unit (HGUB), or receive heat from a locally available
DHN supplied by various central heat generation units (HGUCs). Mu-
nicipal policymakers and local energy providers have to decide where
to develop DHNs and where to prioritize individual heating systems.
To support this decision-making process, energy system models must be
able to account for local factors, such as a heterogeneous building stock,
zoning regulations, or the proximity and availability of heat sources,
e.g., a waste heat source. All these requirements make the planning
task complex and there exists a trade-off between computational costs
and representation of individual building characteristics [13].
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heat demand

total yearly energy output
discount factor

building retrofit costs
HGUB costs

technical lifetime of HGUBs
building retrofit lifetime
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load shape of energy output

maximum retrofit rate of the urban area
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1.1. Literature

The decarbonization of urban heating systems can be approached in
different ways. The literature is categorized as (i) geographical infor-
mation system (GIS) analysis, (ii) simulation-based approaches, (iii)
optimization-based methods, relying on algorithms without optimality
guarantee, and (iv) optimization-based methods which provide glob-
ally optimal solutions, particularly mixed-integer linear programming
(MILP).

(i) In practice, heat planning for urban areas is often based on
predominantly manual GIS analysis. A common method for identify-
ing potential areas for DHNs involves using the linear heat density,
defined as the annual heat demand per meter of grid length [14]. (ii)
Simulation-based approaches focus on accurately representing systems
and projecting future scenarios rather than finding an optimal solution.
For instance, [15] use EnergyPlan [16] to simulate Beijing’s heating
systems until 2030, while [17] apply agent-based modeling to simulate
retrofit adoption in neighborhoods over 20 years.

(iii) Optimization-based approaches use algorithms to minimize a
predefined objective function. Heuristic optimization algorithms can
handle large, complex problems but do not guarantee global opti-
mality [18]. Co-simulation methods combine optimization with de-
tailed modeling. For example, [19] couple metaheuristics with Ener-
gyPlus [20], and [21] integrate metaheuristics with MILP. In [22],
EnergyPlus is used iteratively to predict heat demand under various
retrofit scenarios, with retrofit measure selection guided by designer
experience. The authors of [23] employ artificial neural networks and
surrogate models to identify near-optimal retrofit solutions.

(iv) Since for energy system planning the possible design space is
huge, it is valuable to employ algorithms that can provide provable
global optimality guarantees, even if that comes at reduced modeling
detail to ensure feasible solving times. In heat planning, this often
involves solving (MI)LPs. The authors of [24] formulate a MILP to ex-
amine optimal district-level decarbonization strategies, where building
retrofit decisions are made exogenously, that is, they are predefined
and provided as an input to the model, thus limiting flexibility. In
contrast, [25,26] present MILP-based frameworks that model supply—
demand interdependencies endogenously, allowing the model to decide
on retrofits using multiple binary variables per building. While this pro-
vides a detailed representation of the heating sector, it is not suitable
for application to large urban areas due to high computational costs of
using multiple binary variables for each building.

To reduce computational costs at urban scales, various studies
employ clustering and archetype buildings. In [27] the authors focus
on DHNs sizing and operation, without considering individual heat
supply. [28] include individual heat supply in the reference scenario
but do not endogenously capture trade-offs between individual heat
supply and DHN. Meanwhile, [13] model supply-demand interdepen-
dencies for individual buildings, without addressing DHNs. All three
studies focus on a single district, lacking further spatial resolution. In
contrast, the authors of [29] define spatial nodes with one archetype
building per district to optimize demand and supply strategies. In [30],
clustering is used to define representative buildings and districts for
modeling Switzerland’s entire building stock. The spatial resolution
remains relatively coarse, encompassing entire communities without
further division within those communities.

The presented literature reveals that numerous studies explore op-
timal decarbonization pathways for urban heating systems. However,
a research gap remains for an optimization-based methodology that
combines important model quality criteria (i-iv) with sufficient compu-
tational performance (v,vi). Specifically, there is a need for a methodol-
ogy that (i) accurately models interdependencies between heat supply
and heat demand model-endogenously, (ii) can include both DHNs and
individual heat supply systems, can be (iii) spatially resolved, with (iv)
multiple archetype buildings per district, and (v) is applicable on urban
scales while (vi) relying on solution algorithms which provide provable
global optimality guarantees.
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1.2. Contribution

This paper proposes a set of novel MILP-style conditions to en-
dogenously model interdependencies between heat supply and retrofit
measures at urban scales. They can be used together with various
existing MILP ESM frameworks with low adaption effort. The approach
extends existing literature by allowing for (i) endogenous modeling of
interdependencies between heat supply and retrofit measures at high
accuracy, particularly the interdependencies between retrofit measures,
the technical suitability of specific HGUBs, and the efficiency of the
HGUBEs. (ii) It considers both DHNs and individual heat supply systems
and is (iii) spatially resolved, along with the definition of (iv) multiple
archetype buildings per district. The formulation as a MILP with a
limited number of integers ensures (v) scalability to urban scales and
(vi) optimality guarantees.

The proposed conditions are designed for urban-scale applications
with a heterogeneous building stock. An urban area is divided into
various districts to identify potential areas for DHNs and includes
multiple investment years to accommodate long planning horizons. To
balance scalability and accurate heating sector representation, multiple
archetype buildings per district are defined, with archetypes repre-
senting various building types and different energy standards of these.
The definition of archetype buildings mainly refers to the demand-
side. The optimal heat supply of buildings can differ across and within
archetypes. The conditions integrate into different existing ESM frame-
works via five coupling constraints.

The case study shows that optimizing retrofit decisions together
with the heating system model-endogenously, under the proposed con-
ditions, helps to identify cost-saving potentials compared to separate
planning. For instance, it can affect decisions on where to connect
buildings to a DHN and where to retrofit buildings.

The remainder of this paper is structured as follows: In Section 2
an abstract model of common ESM frameworks is introduced and its
limitations with respect to the clustering of buildings, the aggregation
of demands, and building retrofits are discussed. In Section 3 the pro-
posed novel MILP-conditions are introduced. A case study is presented
in Section 4 and the paper concludes in Section 5.

2. Existing energy system modeling frameworks and their limita-
tions

This section introduces key concepts of partial equilibrium ESM
optimization frameworks like TIMES [7], OSeMOSYS [8], oemof [9]
or CESM [10], which, while differing in terminology, share similar
abstractions. These abstractions are outlined using the terminology
and structure of the CESM framework [10] which is used as a basis
for this work. Furthermore, limitations of this type of models when
examining retrofits and when aggregating heat demands and HGUBs
are addressed.

2.1. Abstractions and notation

The targeted energy system models consist of energy commodities m €
M, such as natural gas, electricity, or heat, and conversion processes ¢ €
C which transform one energy commodity into another, e.g., heat-only
boilers (HOBs) converting natural gas into heat. This abstraction can
cover multi-input and multi-output conversion processes. The models
typically cover multiple investment years y € Y, each represented
via multiple time steps ¢+ € 7. Conversion processes are character-
ized by their capacity and energy throughput per time step, along
with technical aspects such as efficiency and costs. Energy balance
constraints ensure equality between the supply and demand of each
energy commodity. Exogenous commodities are used to describe energy
forms outside the model boundaries, and are used to describe imports of
energy into the model as well as energy demands. Emission constraints
can be used to limit emissions to an annual emission cap. Table 1 shows
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Table 1
Terminology of corresponding abstractions in CESM and OSeMOSYS.

CESM [10] 0SeMOSYS [8]
commodity fuel

conversion process technology

conversion process from technology without input
exogenous commodity activity

conversion process to demand

exogenous commodity

year year

time step time slice

yearly energy output of total annual activity of
conversion process technology

efficiency output activity ratio/input

activity ratio

the correspondence of the introduced concepts between the CESM and
0SeMOSYS framework.

For this work, the original CESM [10] framework is extended as fol-
lows: district-specific modeling is incorporated by adding an index for
a district d € D to all quantities. Additional transport conversion pro-
cesses enable energy transport between districts. Moreover, capacity-
independent investment costs are introduced, that apply whenever the
newly installed capacity of a conversion process is larger than zero. This
extension transforms the original linear programming (LP) formulation
into a MILP problem.

Throughout the paper, variables are denoted by lowercase letters,
while parameters are represented by uppercase letters. Indices are
assumed to belong to the sets given at their first appearance, unless
otherwise specified.

2.2. Limitations

When modeling energy systems at urban scales, multiple HGUBs as
well as multiple demands are commonly aggregated to reduce computa-
tional costs. This comes with the loss of a one-to-one assignment of heat
demands to HGUBs and can lead to an oversimplification of diverse
characteristics of the building sector as detailed in the following.

False representation of capacities. If multiple HGUBs of the same type
are aggregated into one virtual HGUB this may lead to a skewing of
required capacities, if the virtual HGUB serves multiple buildings with
different heat demand profiles.

To illustrate this shortcoming, assume a model structure as in Fig.
la, implemented with the above described ESM framework. In Fig. 1b
individual heat demands of two buildings and their combined demand
are plotted. The required heating capacities are 3.00kW for building
1 and 3.50kW for building 2. Due to non-simultaneous load peaks, a
joint HGUB supplying the aggregated demands would require a heating
capacity of only 5.47 kW, underestimating the actual need of 6.5kW by
16 %. This misrepresentation affects investment cost calculations which
rely on installed capacities.

Cooperation of individual heat generation units. The naive aggregation of
demands and HGUBs can lead to unrealistic cooperation among HGUBs.
If the model structure in Fig. 1a is modeled naively, the resulting heat
supply structure may resemble that shown in Fig. 1c. In this scenario,
the HP supplies heat to both buildings during low electricity price
periods, while the HOB operates for the remainder of the day. This
setup contradicts the assumption that, with individual heat supply,
HGUBs serve only the buildings in which they are installed.

To account for that, the following constraints can be imposed: (i)
the shape of a HGUB’s energy output is required to match the demand
profile of the building it serves, and (ii) the yearly energy output of a
HGUB must correspond to the heat demand of the building it serves.
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Fig. 1. Limitations of ESM frameworks when aggregating supply and demand. (a) Possible model structure in heat planning. Commodities are represented by
vertical lines and conversion processes are represented by rectangles. (b) False representation of required heating capacity. (c) Cooperation of HGUBs to meet

the total heat demand.

=

Urban area Districts

Archetype
buildings

Fig. 2. An urban area is divided into multiple districts. For each district,
multiple archetype buildings are defined. DHNs of neighboring districts can
be interconnected.

Specifically, to model (i), let e‘c’f“f;" be the energy output of a
conversion process ¢ in year y and district d. The energy output in one
time step 7 is e‘c’,‘;f‘yi,';c and can be constrained by
e?ﬁf‘y{‘;‘e =P aelyy s Vet.y.d, (€]
with P,,, denoting the predefined load profile as the proportion of
energy output during a time step relative to the total yearly energy
output, i.e., 3, P, , =1 [31].

With respect to (ii), let E;’;‘;" be the predefined energy output of
a conversion process. The energy output of a conversion process is
constrained as

eoutmt — Eoutlm

oy eyd > V&Y., 2

where E;’,“yﬁti‘" is the yearly heat demand of the building a HGUB
supplies.

While (i) and (ii) are sufficient when building retrofits are not
considered, they cannot be updated endogenously to reflect the build-
ing’s heat demand after retrofitting within existing ESM frameworks.
Without updating, the capacity of one installed HGUB might suffice to
provide heat to multiple buildings.

3. The proposed retrofit optimization conditions

This section outlines the proposed approach to enhance existing
ESM frameworks to improve the modeling of interdependencies be-
tween heat supply-side and demand-side measures at an urban scale
and to overcome the limitations specified in the previous section.
The proposed approach involves extending an existing energy system
model with the additional, novel conditions. Given a multimodal en-
ergy system model of an urban area this paper proposes to remodel the

individual heating sector and DHNs. The proposed novel conditions are
based on optimizing for every investment year the number of buildings
in a district that (i) are of a certain archetype and (ii) the number of
HGUBs in such buildings.

All buildings are assumed to belong to an archetype a € A.
Archetypes can represent different building types as well as different
energy standards of these. They are characterized by a predefined heat
demand with a fixed time profile. Building retrofit is modeled as the
change of a building from one archetype a to another archetype o/,
possibly via multiple steps, and is denoted as a — «'. This implies a
strict partial order on the set of archetypes representing all possible
retrofit pathways. Therefore, the number of buildings per archetype
is an optimization variable and changes over time through building
retrofit. The heating system in each building is modeled independently
of the archetype. Each building is assumed to have exactly one HGUB
out of a set of options 4 € H, e.g., a HP or a HOB. An urban area is di-
vided into multiple districts, each featuring a specific mix of archetype
buildings, see Fig. 2. Districts should be defined to group buildings with
similar characteristics, thereby minimizing the number of archetype
buildings to be considered within each district. They should capture
local heating system characteristics, such as HP restrictions in dense
urban areas or the availability of heat sources.

3.1. Setup within existing energy system modeling framework

Fig. 3 illustrates how the heating system has to be set up with an
existing ESM framework, while other model parts are not affected. A
distinct heat demand conversion process has to be defined for every
archetype a, with each heat demand aggregating the heating needs of
all buildings of one archetype.

For the individual heating systems, there exists a conversion process
for every type of HGUB h supplying an archetype a. For example,
a distinct conversion process is modeled for each archetype a a HP
supplies within a district d. Distinct energy efficiencies can be indicated
for HGUBs, depending on the supplied archetype. For example, the ef-
ficiency of a HP can improve with the energy standard of the archetype
building. To avoid cooperation of HGUBs, their heat output load shape
is constrained by Eq. (1) to match exactly the load shape of the supplied
archetype. Costs for the installation of a new HGUB are not assigned to
the conversion processes of the ESM framework but instead depend on
the number of installed HGUBs in a district as described in Section 3.2.

DHNs at different temperatures § € © are defined as distinct
conversion processes, each characterized by individual efficiencies.
DHNSs operating at lower temperatures can therefore have lower losses
compared to those operating at higher temperatures. Investment costs
are not directly assigned to the DHN of a certain temperature, but



C. Ayasse et al

Energy 338 (2025) 138628

Yy
“ e, (o, G,
9
%, X ’%O’”/;,o)’?z & 4. e,
) @ NGOy W o e, % ‘%
o &et?; ’boo,, %) %, 40 b,
(720N ( 'IJ/ o 7 HGUB o %
. Heat demand
E HGUB supplying a, 1< archetypes a
. < Heat demand
m HGUB supplying a__ 3 archetypes a_
0; DHN
fl DHN ] Costs ] lvi Heat demand
1<
HGUB supplying ay, archetypes a
| DHN connection to
{| neighboring district

Fig. 3. Special structure of an energy system model considering the parts which are affected by the conditions presented in this work. Vertical lines represent
commodities and rectangles represent conversion processes. The load shape of energy flows highlighted purple is constrained according to Eq. (1). Energy flows
highlighted orange are constrained depending on the temperature of the DHN (Egs. (22) and (23)).

depend on auxiliary conversion processes DHN Costs for each district.
This approach allows the temperature of a DHN to decrease over time
as building retrofits reduce heat demand, without necessitating invest-
ments in a new DHN. Based on binary variables capacity-independent
investment costs are assigned to the auxiliary process DHN Costs,
reflecting the high upfront construction expenses of developing a new
DHN in a district, compared to the lower costs of connecting additional
buildings. The binary variable u, , , indicates whether a DHN operates
at temperature 6. The temperature of the DHN imposes constraints on
certain energy flows to and from the network. The heat exchanger to
connect a building to a DHN is modeled as a HGUB, using heat from the
DHN as the input commodity after accounting for distribution losses.

3.2. New conditions modeling the number of instances

The following section describes the novel conditions centered around
the number of buildings and HGUBs within a year y and district d. Let
, denote the number of buildings per archetype a, district d, and

year y. The total number of buildings undergoing retrofit a — o’ is
Aana, . Regarding the number of HGUBs installed in buildings, the
model dlstmgmshes between the archetype a', which corresponds to
the building’s archetype at the time the HGUB was initially installed,
and the archetype «°F, which indicates the archetype of the building
where the HGUB currently operates. A difference between o' and a°P
may occur if a building is retrofitted without replacing the existing
HGUB. Let ni’ o denote the number of HGUBs installed in buildings of
archetype al, 'in ifear y and district d. This number depends on both the
residual number of HGUBs, N, Gres | from before the modeling period,

d’
and the number of newly bullt HGUBs n . The variable ”h 1O d
additionally specifies the archetype of the bulldlngs where the HGUBs
operate. If a building, in which a HGUB was initially installed under
archetype d!, is retrofitted according to @ —» da without replacing the
HGUB, this is indicated by An

Fig. 4 provides a v1sua11zat10n ‘of aIvl varlables indicating the number
of buildings or HGUBs. Note that these variables are chosen to be
continuous for computational efficiency reasons. Hence, the optimiza-
tion may yield fractional values which implies a certain model error
compared to realistic integer decisions. This discretization error can be
reduced by choosing large enough districts. The relevance of the re-
maining errors should then be evaluated relative to other uncertainties
and possible error sources in the model. If, for instance, one assumes an
accuracy of the demand and costs forecasts in the range of 10 %, then a
minimum of 10 buildings of each archetype supplied by a certain HGUB
should ensure that the discretization errors are not dominating.

G,new
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h,ay
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Ng, 1 40P g
0 ha ,ag nh, al
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Fig. 4. Overview of the number-based variables for one year in a district with
three archetype buildings, representing energy standards from lowest a, to
highest a,.

3.2.1. Number of buildings

The sum of all buildings per archetype n
district’s total number of buildings N , l.e.,

has to match the

nh g =Ny Vyd ©)

a

The number of buildings per archetype and district in the first year of
the modeling period y, is denoted by nyo 4> SO that

nB =nNB Va,d. @

a,yp.d a,yp.d’

The number of buildings which are retrofitted in one year and district
is AnaB_m,’y_ ;- Note that, while the number of retrofitted buildings is
continuous, the retrofit measures themselves are discrete and defined
by the strict partial order imposed on the set of archetypes .A. The total

number of building retrofits within the urban area is limited by

ANB < E AnP

a—add

< AN vy, 5)

a—ad.yd =

—B
where AN® and AN~ define minimum and maximum retrofit rates in
total number of buildings for the whole urban area. The number of
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buildings per archetype changes over the modeling period as

B _ B B
Moyd = May-1.d + Z Ana’ﬂa,y,d
a

7

o —a ) . ®)
- 2 A"a—»a’,y,d’ Va,y,d, if y>y,.
!

a—va’

This equation does not account for new construction or building de-
molition, though these factors could be easily included. The costs of
retrofit a — &’ in a district d are denoted by K, B o Distinct retrofit
costs for each option a — o’ allow modeling i lncreasmg marginal costs
to increasing retrofit depth, reflecting that saving additional energy
becomes more expensive as retrofit ambitions grow. The total retrofit
expenditures are

RETEX = ;( Y K

a—a'd

a—»a’ d a—»a’ B d) (7)

where F, denotes the discount factor to the financial base year y,. The
salvage value of a building retrofit depends on the assumed technical
lifetime LaBM,, the year of investment y, and the time elapsed until
the final year of the planning horizon »". The model assumes that
investments underlay linear value decay over their technical lifetime
so that the annual salvage value of a building retrofit is

last
—y+1
UaB—m’,y,d = Kz?—»a’,dAnEea’,y,d <1 - (y B ? >> FJ’I“[’ (8)
a—ad'

Va—d,ydify> y™t— LS_W,, else 0,

and the total salvage value of all building retrofits is

UB = Z Uf—m’,y,d' (9)

a—d ,y,d

3.2.2. Number of heat generation units
The number of HGUBs of type h which were initially installed in a
building of archetype a' in a district d in year y is nh . The residual

number of installed HGUBs N, G, e 1s the number of un1ts that remain

available from construction tlmes before the modeling period. The total
number of installed HGUBs is then calculated as

G G,res G,new 1
h al,y,d Nh al,y,d + Z nh,al,y,d’ Vh,a,y.d, 10
5
y-LG<y/ <y
where n&1Y y is the number of newly built HGUBs and L$ denotes

their 11fet1me. This constraint ensures that no HGUB is retired before
reaching the end of its lifetime. The number of HGUBs which are
installed in buildings which undergo retrofitting without exchanging
the HGUBs is Anh s where o' denotes the archetype when a
HGUB was initially installed and a — o' specifies the building retrofit.

This number is coupled to 4n® ,  as
a—d'.yd

G B
2{ Anh,al,aau’,y,d s Ana—m’,y,d’ vh, Y, d. an
a
Note that if a HGUB is exchanged during a building retrofit, then
G
anl oodopd = =0and An al g 1S DO The variable nh 14O yd denotes
the number of installed HGUBS and additionally indicates the archetype
of operation ¢°P. The joint information of 4, a' and ¢° enables the
correct retirement of HGUBs at the end of their lifetime, even if the
archetype of operation changed due to retrofitting. The total number of
installed HGUBs does not change due to retrofitting as it is constrained
by
G _ G 1
m g = 2N i aor g Vhedly.d. 12)
aOP
The total number of HGUBSs, including the heat exchangers to connect
buildings to the DHN, operating within an archetype a°” must be equal
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to the total number of buildings of the corresponding archetype in that
district, i.e.,

G B OoP

n =n Va d. 1
Zl h.a'.aOP y.d aOP y.d’ oY as)
,a

Changes in the operation of installed HGUBs over the investment years
are described by
G G G
< _
nh,al,aop,y,d = nh,a[,aOP,y—l,d Z Anh,al,aopﬁa,%d

aOP_,

+ 2 Anh al,a—aOP )y, + l’l
OP

l[aop=a1] as
Vh,a',a%%, y,d if y > Yo-

where 1 ,0r_, implies that n" “ewd is only added to the number of

HGUBs if the archetype of operétlon is equal to the archetype of
installation. Through retirement at the end of a HGUB’s lifetime the
left-hand side can also be less than the term on the right-hand side.
Investment costs of HGUBs are specified per installed unit and depend
on the archetype where they are installed a'. Archetype buildings rep-
resenting higher energy standards require less heating power, resulting
in reduced investment costs for HGUBs. The costs for a new HGUB in
€ are KG 2d and are calculated prior to the optimization based on the
requ1red heatlng capacity of the archetype buildings. Then, the total
expenditures for HGUBs are

— G G,new
GENEX =) <Fy > Kyt d> ) (15)

y h.al.d

Similar to Eq. (8), its annual salvage value is calculated as

last
B Gnew -G y®¥-y+1
h aly.d nh al.y, th,a[,y,d (1 - < .G Fylas' > 16)
h

Vh,d', y,d if y> yt — LS, else 0,

and the total salvage value of all newly installed HGUBs is

o = Z Uial,y,d' a7
h,al,y,d
The binary variable u, , , indicates whether a DHN operates at a
temperature 0. The DHN can only be operated at one temperature in a
year and district, so that

Dug,qg <1, Vy.d. 18)
0

3.3. Coupling

Coupling conditions integrate the number-based constraints into
the existing ESM framework. They differ from the other conditions
by also relying on variables which are part of the already existing
ESM framework. Four of the five coupling conditions are used to limit
the total yearly energy output of selected conversion processes, e"”y“;‘
following Eq. (2). In an OSeMOSYS model, this would correspond to
constraining the total annual activity of a technology. The fifth coupling
condition introduces additional cost terms to the objective function.

The total heat demand of all buildings of one archetype is the
product of the number of buildings per archetype n d and the annual
demand of one building of that respective archetype D,,q- The set
Y contains pairs of conversion processes and corresponding archetype
buildings. By constraining

outtot B D

Uit = B Vy.d, (c.a) €Y, a9

a,y,d>
the heat demand of the buildings can be represented while account-
ing for building retrofits. To avoid cooperation of HGUBs, the total
yearly energy output of conversion processes representing HGUBs is
constrained by

— G OP
eQutot = Z 1 1 o0y g Daov ya» Wv-d. (e, h.a®) e, (20)

a
aOP >l
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where ¥ contains triples of conversion processes and the corresponding
HGUB they represent.

The objective function of the CESM framework minimizes total
system expenditures TOT EX as the sum of investment expenditures
CAPEX and operational expenditures OPEX, minus investment sal-
vage values vC. The objective function is extended to include retrofitting
expenditures RET EX, HGUB expenditures GEN EX, and their respec-
tive salvage values v® and 05, so that

TOTEX =CAPEX +OPEX + RETEX +GENEX

— o€ =0 — B,

2D

where the salvage values represent the remaining value of investments
that have not yet reached the end of their technical lifetime by the end
of the modeling period.

The set Q2 contains pairs of conversion processes ¢ which are sup-
plied by the DHN, such as heat exchangers that connect individual
buildings or connections to neighboring DHNs, and their required
minimum temperature 0. For example, a heat exchanger serving an
archetype building with a low energy standard can only be supplied
by the DHN if the network operates at a sufficiently high temperature.
Such a conversion process can only be supplied by the DHN if the DHN
operates at temperature 0 or higher, which is ensured by constraining

eOllll;l S M

e, Ugr y.d» Vy.d,(c,0) € L2, (22)

0/

o<0’
where M is a sufficiently large constant, exceeding the maximum
possible heat demand within a district. Conversely, if a DHN operates
at temperature ¢’, it can only receive heat from HGUCs supplying 6’ or
higher temperatures. The set I' contains pairs of conversion processes
¢ supplying the DHN, such as the HGUCs, and the temperature 0 they
supply, so that

outtot
€ord <M

Uy yqr ¥y.d,(c.0) €T. (23)
/
oo
The set Q captures the relationship between archetypes and the re-
quired heat supply temperature when buildings are connected to a
DHN. For individual heat supply via HGUB, temperature levels are
captured implicitly, for example through higher HP efficiencies in
retrofitted buildings.

3.4. Summary

This section outlined the approach to enhance existing ESM frame-
works to enable the modeling of interdependencies between heat
supply-side and demand-side measures at an urban scale. Egs. (3) to
(18) describe the new number-based conditions and Egs. (19) to (23)
integrate these into the existing ESM framework.

The approach allows addressing the limitations of many ESM frame-
works arising from the lack of a one-to-one assignment between heat
demands and supplies (Section 2.2). By (i) defining distinct conversion
processes for each HGUB h supplying a specific archetype a, and by
(ii) calculating costs of HGUBs based on numbers instead of capacities,
investment costs are not skewed by the aggregation of different heat de-
mands. This also allows the use of non-linear cost functions for HGUBs
without introducing additional binary variables or compromising the
MILP structure of the optimization problem. (iii) By constraining the
load shape of each HGUB’s energy output to align with the demand
profile of the building it serves and by (iv) constraining the total yearly
energy outputs of HGUBs to the demand of the supplied buildings,
the HGUBs cannot cooperate to meet the total heat demands. (v) The
conditions presented in this work ensure that this holds even when
building retrofits are modeled endogenously.

Binary variables are only used to model the DHNs. To model invest-
ment costs independently of the installed capacity, a binary variable
is used for every district and investment year. This binary variable
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Fig. 5. Layout of the fictive urban area.

is already part of many existing ESM frameworks. Furthermore, a
new binary variable u, , , is introduced for every possible operation
temperature of a DHN, district and investment year. With Y5 u,, 4, <1,
the maximum number of binaries of the energy system model, including
the binaries to model the fixed investment costs, is N;N,N,, where
N, is the number of districts, N, is the number of investment years
and N, is the number of possible temperatures of a DHN. Given that
these numbers are generally limited to small values at urban scales, this
ensures reasonable solving times even for large problem instances.

4. Experimental case study

This section presents a case study of a fictive urban area consisting
of three districts. Each district is characterized by common urban
building types with their respective heating systems, encompassing a
newly developed district with single family houses (SFHs) supplied by
HPs and older districts with multi family houses (MFHs) supplied by gas
HOBs. The CESM framework introduced in Section 2 is extended with
the conditions outlined in Section 3, and the impact of these conditions
is evaluated by comparing the results of the base scenario, which
incorporates the proposed conditions, to two alternative scenarios.
The no waste heat scenario illustrates how the absence of central heat
sources can significantly influence the optimal heat supply structure
and retrofit decisions within an urban area. The fixed retrofit rate
scenario assumes heat demand reductions through predefined retrofit
rates, a common assumption in ESM, and serves as a benchmark to
evaluate the potential of the proposed approach which models retrofit
decisions endogenously.

The optimization aims for the cost-optimal decarbonization of the
residential heat sector by 2045, assuming full decarbonization of the
electricity sector by the same year to enable this transition. There are
five investment years evenly distributed from 2025 until 2045. The first
year of the modeling period, 2025, represents the initial state of the
urban area, during which no investments can be made. An interest rate
of 3% is assumed.

4.1. Setup

The layout of the urban area, including potential connections be-
tween neighboring DHNs and the most important characteristics of the
districts, are shown in Fig. 5. The districts vary in their archetype
buildings, the availability of HGUCs, or the number of residual HGUBs
which define the heat supply structure in the initial modeling year 2025.
In every district there are 100 buildings. Detailed input data is outlined
in the Appendix.
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Fig. 6. Model structure of district 3.

Table 2
Archetype buildings by district and their minimum required heat supply
temperatures.

District Minimum required
1 2 3 supply temperature
Low energy standard g, X X HT
Medium energy standard a, X X X LT
High energy standard a, X X X LT

Central heat supply. In each district, a DHN can be constructed and
operated at either HT, corresponding to a 3rd Generation District
Heating system with supply temperatures between 70°C and 100 °C,
or LT, corresponding to a 4GDH with temperatures between 50 °C and
70°C and higher energy efficiency [5].

If a DHN operates at LT, grid losses are reduced compared to those
of a HT DHN. If two DHNs of the same temperature are established in
neighboring districts, heat can be exchanged between them. Addition-
ally, heat can be transferred from a district with a HT DHN to a district
with a LT DHN, but not in the reverse direction. The model structure
of district 3 is depicted in Fig. 6. HGUCs are restricted to installation in
district 3 due to zoning regulations that prohibit their deployment in
other districts. Central HPs are more efficient when supplying LT heat
compared to HT heat. A waste heat source with a maximum capacity
of 1.5MW is available. The waste heat source is assumed to provide LT
heat, making it more cost-effective to supply a LT DHN compared to a
HT DHN. Supplying a HT DHN would require an additional HP to raise
the waste heat temperature, resulting in higher costs.

Archetype buildings. For each district, archetype buildings are defined,
differing in heat and electricity demand. In this model, each district
contains a single type of building, defined by the construction year, area
and the building size class (e.g. SFH or MFH), while the archetypes
within a district represent varying energy standards of that building
type. Across all districts, an archetype a, corresponds to a low energy
standard, a; to a medium energy standard, and a, to a high energy
standard. All archetypes can potentially be supplied by a HT DHN,
but only @; and @, can be supplied by a LT DHN. Table 2 provides
an overview of the different archetype buildings in each district. In
districts 2 and 3 each, three archetype buildings, a,, 4, and a,, are
defined. Consequently, the following retrofits are possible: qy, — a,

("9/
J?o,,)o &%,,f% ,:%[o
“ HGUB e ‘o 2
Electric demand
HPs to a, >
m > > Heat demand
Gas HOBs to a; >
Gas HOBs to a, > R Heat demand
—>| DHN to a4 >
m Heat demand
N >
Connection to archetypes a
district 2 HT DHN
Connection to
district 2 LT DHN
Table 3
Results of the case study.
Base scenario No waste Fixed retrofit
heat scenario rate scenario
TOTEX [Mio €] 16.76 17.92 18.69
Comparison to base +0% +6.9 % +11.5%
scenario
DHN temperature LT LT HT
Main heat supply in DHN HP HP
district 3 in 2045
Total heat demand 226 GWh 238 GWh 234GWh
Retrofit rate overall
2030 2.0% 1.0% 2.0%
2035 2.0% 1.0% 2.0%
2040 2.0% 1.5% 2.0%
2045 2.0% 1.8% 2.0%
Retrofit rate district 1
2030 0.0% 0.0% 2.0%
2035 0.0% 0.0% 2.0%
2040 0.0% 0.0% 2.0%
2045 0.0% 0.0% 2.0%
Retrofit rate district 2
2030 3.0% 3.0% 2.0%
2035 3.0% 3.0% 2.0%
2040 3.0% 3.0% 2.0%
2045 3.0% 3.0% 2.0%
Retrofit rate district 3
2030 3.0% 0.0% 2.0%
2035 3.0% 0.0% 2.0%
2040 3.0% 1.6 % 2.0%
2045 3.0% 2.4% 2.0%

a; - a,, and a, — a,. For district 1, only two archetype buildings, a,
and a,, are defined. Since the buildings in district 1 were built in year
2000, their unretrofitted state already corresponds to a medium energy
standard. Therefore, the only possible retrofit in this district is a; — a,.

The yearly heat demand for the archetype buildings is derived from
the TABULA Webtool, which ensures thermal comfort by maintaining
an indoor air temperature of 20°C [32]. Load profiles are generated
using the oemof demandlib module [9]. Retrofit costs are estimated
based on [33]. Detailed input data can be found in the Appendix.

The maximum retrofit rate is 2% per year across the entire urban
area. Since the retrofit rate is limited for the entire urban area, certain
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Fig. 7. Optimal heat supply structure of the three districts.

districts may exhibit higher retrofit rates at the expense of lower rates
in others. No minimum retrofit rate is enforced, as building retrofit is
assumed to be purely cost-driven.

Individual heat supply. Individual heat supply can be provided either
through gas HOBs or HPs. Additionally, heat exchangers connecting
the buildings to the DHN are modeled as HGUBs. The efficiency of HPs
depends on the energy standard of the supplied building. As the energy
standard improves, the required heat supply temperature decreases,
leading to higher HP efficiencies. In district 2, located in the city
center, the high building density constrains the use of individual HPs.
Therefore, the decarbonization strategy for this district is restricted to
a DHN.

In the first year of the modeling period, all buildings are initially
supplied by individual gas HOBs, except in district 1, where 20 build-
ings of the highest energy standard a, are supplied by HPs. Details
regarding the initial supply structure of the buildings and the number
of residual HGUBs are provided in the Appendix.

Scenarios. The described setting constitutes the base scenario of the case
study. The no waste heat scenario examines how the absence of the
waste heat source influences the optimization results, with a particular
focus on the optimal retrofit decisions, to investigate the necessity of
modeling supply-demand interdependencies endogenously. Finally, the
fixed retrofit rate scenario assumes a constant retrofit rate of 2 % per year
and across all districts, a common assumption in ESM when building
retrofits are not considered endogenously, and serves as a benchmark
for the presented approach.

The case study model comprises 538543 equations and 458676
variables of which 30 are binary. Using CPLEX 22.1.1 [34] with a
zero MIP gap tolerance, all scenarios are solved in under a minute
on a standard laptop, accounting for 224 representative time steps per
investment year.
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4.2. Results base scenario

The optimal heat supply structure for decarbonizing the urban area
under consideration in the base scenario is illustrated in Fig. 7a. In
district 1, where buildings are already of medium or high energy
standards, no retrofits are carried out. Retiring gas HOBs are replaced
by HPs. In district 2, individual HPs are not permitted due to spatial
constraints associated with the high density of buildings. Consequently,
as gas HOBs reach the end of their technical lifetime, they are replaced
by heat exchangers to connect the buildings to the DHN. By 2045, all
buildings in district 2 are connected to the DHN.

The development of the DHN in district 2 necessitates the con-
struction of a DHN in district 3, as suitable locations for HGUCs are
only available in district 3. As gas HOBs in district 3 reach the end
of their technical lifetime, their replacement strategy depends on the
energy standard of the respective building. Buildings of medium energy
standard a, are connected to the DHN while buildings of the lowest
energy standard g, are supplied by a HP, as connecting them to the
DHN would necessitate an increase of the supply temperature of the
entire DHN. Instead, the DHN operates at LT over the whole modeling
period, thereby minimizing distribution losses. This is enabled by an-
nual retrofit rates of 3 % in districts 2 and 3. Since no retrofitting occurs
in district 1, the overall retrofit rate for the entire urban area remains
within the 2 % limit.

There are two reasons why buildings are retrofitted from the lowest
to the medium energy standard, but not to the highest energy standard
a,. First, building retrofit is subject to increasing marginal costs to
increasing retrofit depth, i.e., the higher the energy saving ambition,
the higher the costs to save one additional unit of energy [33]. Second,
in this case study, the benefits from interdependencies between DHN
heat supply and building retrofits are identical for retrofits to either
a, or a,, since LT heat can supply buildings of medium (a,) and high
energy (a,) standards.

Fig. 8a shows a declining heat demand over the modeling pe-
riod due to building retrofits. As tightening CO,-limits necessitate
investments in more expensive technologies, Fig. 8b shows increasing
levelized cost of heating (LCOH), defined as the annual average cost
per kWh of heat. The LCOH include annual operational costs OPEX,
excluding those for residential electricity demand, as well as annuitized
investment expenditures CAPEX, GENEX and RETEX over the
respective lifetimes.

Fig. 9 shows that HGUCs cooperate to supply heat to the DHN. Peak
loads that cannot be supplied by the waste heat because of capacity
limitations are covered by a HP. Fig. 10 shows the power output of
the gas HOB and the DHN to supply heat to the archetype buildings
a; in district 3 for one week in December 2035. By constraining both
the shape (Eq. (1)) and the amount (Eq. (20)) of the energy output to
exactly match the heat demand, the different HGUBs cannot cooperate
to meet the total heat demand.

4.3. No waste heat scenario

This scenario investigates the necessity of modeling supply—-demand
interdependencies endogenously by examining how the availability
of heat sources (supply-side) influences retrofit decisions (demand-
side). Compared to the base scenario, this scenario differs solely in the
absence of a waste heat source in district 3. The reduction in available
heat sources for the DHN results in a shift in optimal retrofit decisions,
as detailed in Table 3. The resulting optimal heat supply structure is
illustrated in Fig. 7b. Buildings in district 2 are retrofitted to enable
LT heat supply via the DHN, benefiting of reduced heat losses and an
increased efficiency of central HPs. In contrast, in district 3, only a
limited number of buildings are retrofitted in 2040 and 2045. In district
3, individual heat supply is favored over connecting buildings to the
DHN via heat exchangers. Gas HOBs at the end of their lifetime are
gradually replaced with new HPs, as the absence of a waste heat source
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Fig. 10. Power output to the buildings of archetype a, in district 3 in year
2035 in the base scenario.

increases the cost of centralized heat generation, making individual
heat supply the more cost-effective alternative. Overall, compared to
the base scenario, total system costs rise by 6.9 %.

This scenario analysis shows that the availability of heat sources
can significantly influence the optimal heat supply structure and retrofit
decisions within an urban area.

4.4. Fixed retrofit rate scenario

In the fixed retrofit rate scenario, the model is constrained to retrofit
2.0 % of the buildings per district and year. The resulting optimal heat
supply structure is illustrated in Fig. 7c. Due to the fixed retrofit rate,
not all buildings in district 2 can be retrofitted to at least a medium
energy standard a; by 2045. Consequently, the system is forced to
operate the DHN at HT to ensure the decarbonization of heat supply
in district 2.

Similar to the no waste heat scenario, individual heat supply is
preferred over central heat supply in district 3. This preference arises
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from the necessity of operating the DHN at HT, which increases cen-
tralized heat generation costs, making individual heat supply the more
economical option.

Compared to the base scenario, total system costs increase by 11.5 %.
This cost increase is driven by two factors. First, the requirement to
operate the DHN at HT results in higher thermal losses, increased costs
for waste heat, and reduced efficiency of the central HP supplying
the DHN. Second, the fixed retrofit rate applies uniformly across all
districts, enforcing building retrofits in district 1. In contrast, in the
other scenarios, no retrofits occurred in district 1, as the buildings
there already met medium or high energy standards. As discussed in
Section 4.2, building retrofits to the highest energy standard a, are not
cost-optimal in this setting. This is also reflected in Fig. 8a, where the
heat demand decreases less than in the base scenario, despite the same
number of building retrofits. As a result of the high investment costs,
this scenario shows the highest LCOH among all scenarios (see Fig. 8b).

This scenario analysis shows that relying on predefined retrofit rates
and heat demand reductions can lead to suboptimal decisions compared
to the endogenous modeling proposed in this work, as it may overlook
potential synergies between heat supply and demand.

5. Conclusion

This work proposed new conditions to extend existing ESM frame-
works to identify optimal decarbonization paths of the urban residential
heating sector modeling supply-demand interdependencies endoge-
nously. By extending ESM frameworks with the proposed conditions,
limitations in their application for urban-scale modeling due to a miss-
ing one-to-one assignment of demands and supplies can be overcome.
In the proposed approach, the optimal energy system design is not
only determined by the installed capacities of HGUBs, but also by the
number of buildings of a certain archetype that are supplied by a par-
ticular HGUB within a district and year. The number-based modeling of
the heat supply enables the endogenous modeling of building retrofits
while representing important characteristics of the heating sector.

The results demonstrate that the location and availability of heat
sources influence the optimal retrofit strategy, supporting the claim
that supply-demand interdependencies should be considered simulta-
neously. The benchmark scenario, which assumes a predefined constant
retrofit rate uniformly distributed across the urban area, is 11.5 % more
expensive than results obtained with the proposed conditions. By lever-
aging existing synergies, modeling supply-demand interdependencies
endogenously can enhance the cost efficiency of heating systems.

While the proposed approach offers valuable insights, several lim-
itations should be addressed before real-world application. It is best
suited for urban areas divisible into districts with relatively homo-
geneous building stocks. Highly heterogeneous areas require many
archetypes per district, reducing accuracy under the assumption of a
continuous number of buildings. Key inputs, such as building energy
standards and retrofit costs, are often uncertain and difficult to obtain.
The model’s sensitivity to these parameters should be assessed before
practical application. The method’s efficient computation times enable
extensive scenario analyses to address long-term uncertainties, such as
fuel prices and waste heat availability, which should be examined in
real-world applications. Although promising, the method’s scalability to
an urban area with hundreds of districts has yet to be validated. Future
extensions should incorporate additional technologies, e.g., booster
HPs [35], more detailed heat demand simulations [36], and address
stakeholder behavior, such as homeowners’ retrofit decisions and the
incentives that influence them.

In summary, this work enables the identification of optimal building-
level solutions within the broader context of the urban heating system.
Via the five coupling conditions, the proposed method is highly flexible
and can be used to enhance a wide range of existing energy system
models. Applying this approach can support municipal policymakers
identify target areas for individual heat supply and DHNs, enabling
targeted incentives to cost-optimally decarbonize the urban heating
system by aligning individual retrofit decisions and heating system
upgrades with energy providers’ DHN expansion plans.
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Table A.4
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Characteristics of the archetype buildings derived from the TABULA Webtool [32,37]. The electricity demand is estimated by multiplying the net area by a factor

of 30 kWh/m?.

District ID Building size Construction Net area [m?] Heat demand aq, Heat demand q, Heat demand a, Electricity demand
class year [MWh/a] [MWh/a] [MWh/a] [MWh/a]

1 SFH 2000 122 - 13.1 7.8 3.7

2 MFH 1930 385 62.1 35.6 20.1 11.6

3 MFH 1930 385 62.1 35.6 20.1 11.6

Table A.5

Retrofit costs for each district. For the advanced retrofit a, — a, costs of 175€/m? are assumed based on the costs of retrofit package 10 in Germany in [33].
Since [33] accounts for gross areas, whereas the TABULA Webtool [32,37] indicates net areas, an additional 20 % was added to the retrofit costs. The retrofits

ay — a, and a; — a, each cost 50 % of the a; — a, retrofit.

District ID Retrofit costs a, — a; [€]

Retrofit costs a; — a, [€]

Retrofit costs ay — a, [€]

1 - 13200 -
2 40800 40800 81600
3 40800 40800 81600
Table A.6
Technical specifications of HGUBs.
Name Lifetime [a] Input commodity Output commodity Efficiency Investment costs Investment costs
fixed [€] variable [€/kW]
Gas HOB 20 Gas Heat 0.99 5000 110
HP 20 Electricity Heat ay: 2.5% 2023: 6000° 2023: 1200°
a;: 3.0° 2030: 5700" 2030: 1100°
a,: 3.5% 2040: 5000° 2040: 1000°
Heat exchangers 25 Heat from DHN Heat 1 10000 200

2 The efficiency of the HP depends on the energy standard of the supplied building.

b Decreasing costs due to technology improvements are assumed over the modeling period. For investment years which are not listed the costs are linearly interpolated.
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