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Abstract: Renovation of existing buildings is fundamental to reduce greenhouse gas emissions of the
building sector and to ensure the efficient operation of renewable heating systems. In multi-family
houses, the suitability of heat pumps is limited by high required temperatures for the hot water
preparation, which can be mitigated by hybrid heat pump systems. In this study, the energetic
performance of a hybrid heat pump in a multi-family house, built in 1964, is investigated based
on field data before and after a renovation. Multiple months are measured and mapped to a full
year period. The combination of different renovation measures in the heating system and building
envelope is rated w.r.t. their ecological and economical impact by taking into account the actual
investment costs. The evaluation shows that the installation of a hybrid heat pump can achieve an
accumulated greenhouse gas emissions reduction of 45%, which is similar to a building renovation to
a new-build standard, which reduces the space heating demand by up to 62%. Nevertheless, only
a combination of both measures can substantially reduce the emissions, which in this case are 81%
lower compared to a gas boiler in 1990, which is still below the German climate target for 2040. Due
to the low investment costs of a hybrid heat pump system, tenants are more likely to profit from
a renting costs reduction, while a building renovation is especially economically beneficial at high
energy prices. The results therefore emphasize that the insulation level should be selected carefully,
as heat pumps already prepare space heating efficiently and that the heat pump must be able to
support the hot water preparation to reach high emission reduction targets.

Keywords: bivalent heat pump; decarbonisation; existing building stock; field test; renovation

1. Introduction
1.1. Motivation

The residential and commercial building stock is responsible for 36% of the greenhouse
gas emissions of the European Union and consumes 40% of its final energy [1]. Roughly
two-thirds of the inhabited floor area is provided by buildings which were built before
1981 with a high heat demand [2], which is mainly covered by fossil fuels [3]. With its
Climate Target Plan 2030, the European Union aims for an emissions reduction of 60% in
the building sector by 2030 compared to 2015 [4]. The modernization of the energy supply
systems is part of the renovation wave strategy [3].

As this situation also applies to the German building stock, the German government
aims for a 68% reduction until 2030 compared to 1990 and a total emissions reduction of
88% until 2040 [5].

The relevance of the decarbonization of the building stock is also emphasized in recent
scientific research, as summarized by the reviews of Boeck et al. [6] and Hamid et al. [7].
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A large number of studies use building energy simulations to investigate the impact of
either building envelope improvements, changing of the heating system or a combination
of both. A comprehensive overview of the resulting life cycle costs and primary energy
consumption of different insulation levels and heating systems in seven climatic clusters of
Europe is presented by Fedrizzi et al. [8]. The study highlights the benefits of applying heat
pump systems in terms of primary energy savings and life cycle costs in all climates after a
renovation. A different approach is provided by Morck et al. [9] in which real-life renovation
examples in various European countries are evaluated. The overview emphasizes that the
standardization of renovation solutions on a European level is questionable due to different
boundary conditions in the respective countries. This also becomes evident in the focus on
different heating systems, which are investigated in the aforementioned reviews.

Within the German context, the findings of Walberg et al. [10] emphasize that the
energy demand of buildings after renovation should be limited to around 115% of a new
build level to avoid too high modernization costs, which could instead be used for a
decarbonization of the heat supply system. Air source heat pumps (ASHPs) are already
the predominant solution in new-build houses [11] but have a small share in existing
multi-family houses, which provide more than half of the apartments in Germany [12].
Besides high investment costs and restricted heat source availability in urban spaces, the
high required flow temperatures for a hygienic domestic hot water (DHW) preparation
are a barrier, as elaborated by Kropp et al. [13]. Hybrid heat pumps [14] are therefore
considered a possible solution to compensate the limitations of typical air–water heat pump
systems, while providing redundancy and operation flexibility with similar CO2 emission
reductions and life cycle costs as monoenergetic heat pump systems [15].

1.2. Objectives

As highlighted by the reviews of De Boeck et al. [6] and Hamid et al. [7], many studies
investigate the impact of envelope and heating system renovations, while only a few put a
focus on heat pumps in the existing German building stock.

Günther et al. [16] evaluate the operation characteristics of air and ground source heat
pumps in 56 existing, mainly 1 and 2 family, houses in Germany. The study’s findings
emphasize the high dependency of the heat pump SCOP on the specific space heating (SH)
demand and corresponding flow temperatures, while no correlation to the building age is
found. The large variation in SH flow temperatures in the observed buildings and the SCOP
of the air heat pump systems leads to potential CO2,eq emission reductions of between 19
and 56% compared to a boiler system in 2018. The evaluation of 10 bivalent heat pump
systems shows that a majority of the heat pumps contributes to the DHW preparation and
reach shares between 39 and 100%.

Lämmle et al. [17] derive the linear dependency of the heat pump SCOP on a novel
annual energy weighted condenser temperature. On the example of the envelope renova-
tion of two existing multi-family houses, the impact of a reduction in the heating design
temperatures on this indicator is demonstrated. Furthermore, the study investigates the
exchange of single critical radiators, since not all rooms equally profit from an envelope
renovation. The findings emphasize that in one case an exchange of only 7% of the radiators
allows a reduction in design temperatures by the same level as the building renovation and
results in additional electricity savings of 40%. Nevertheless, the study highlights that the
potential is highly dependent on the original sizing of each system and a room wise heat
load calculation is required.

The exchange of an existing boiler system with a bivalent heat pump system in an
unrneovated small multi-family house in Germany is investigated based on field test data
and simulations by Neubert et al. [18]. The findings highlight that the operation and
hydraulic configuration of heat pump systems should be monitored carefully since the
simulated low invasive corrections of a defect SH non-return valve and the reduction in
the SH design flow temperatures result in operation cost reductions of up to 7%. The study
additionally emphasizes that the installation of a small heat pump, which only covers
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20% of the building design load, can already provide up to 74% of the SH demand, while
reducing the CO2,eq emissions by 22%.

In the work of Kropp et al. [13], four different DHW configurations for monoenergetic
heat pump systems in a multi-family house are simulated. The study emphasizes both
the importance of the hydraulic configuration and the reduction in the DHW storage
temperatures to achieve significant heat pump shares and efficiencies. Compared to a DHW
storage with an inner coil, a heating water storage with a central plate heat exchanger can
already increase the heat pump SCOP for DHW from 1.5 to 2.0, since the limited coil heat
transfer area is mitigated. The highest performance, with a SCOP of 3.2, is achieved by
either using a decentral plate heat exchanger for each flat or filtrating the DHW water, so
that supply temperatures can be reduced to 55 ◦C and a heat pump contribution for DHW
of nearly 100% is achieved.

Braeuer et al. [15] investigate the combination of monoenergetic and bivalent air and
ground source heat pump systems in existing small, medium and large German multi-
family houses with different envelope renovation packages. The renovation scenarios are
compared w.r.t. their impact on the accumulated CO2,eq emission reductions, net present
value and the potential rent increase of the tenant due to German legislation, which allows
an amortization of the landlord’s investments, as described in Section 2.5.2. The study
shows that in around half of the investigated cases, a rent reduction for the tenant can
be reached, while the amortization period for the landlord is even at a 0% interest rate
above 10 years. The findings therefore quantify the conflict of interest between tenant and
landlord in multi-family houses and emphasize that the economically beneficial solution for
both actors is not easily achievable. The study’s findings once more point out that bivalent
heat pump systems and the renovation of windows and facade are the most cost-efficient
renovation measures.

A related study is conducted by Vollmer et al. [19] in which they coupled a particle
swarm optimization algorithm with a dynamic building simulation to identify optimal
renovation roadmaps in multi-family houses. The results are similar to the findings in
Braeuer et al. [15], as they identify a combination of building envelope and heating system
renovation with heat pumps as the most relevant option to achieve significant CO2,eq
emission reductions. Furthermore, the study emphasizes that the usage of a ground source
bivalent heat pump is more efficient in terms of cost and emissions reduction compared to
a major envelope refurbishment.

Walberg et al. [10] analyse renovation perspectives of the German residential building
stock to achieve the climate targets under consideration of modernization efficiencies
and costs. The analysis is based on actual renovations in 13.100 buildings and specific
renovation costs for various energetic target states are derived. The study highlights that
a reduction in the primary energy demand below a level of 115% in multi-family houses,
compared to the legal requirements, is disadvantageous in terms of costs. The study points
out that the saved investment costs in the building envelope should be used to decarbonize
the heat supply system, as significant CO2,eq emission reductions of more than 88% can only
be achieved by a combination of envelope renovation and low carbon heat supply systems.

To the authors’ knowledge, no study investigates the combined heating and envelope
renovation of German multi-family houses based on field data. The novelty of this work
is, therefore, to analyse the CO2,eq emission reductions and the economic impact of a
hybrid heat pump system compared to a calculated boiler system, based on high-resolution
measurement data of a small multi-family house before and after an envelope renovation.
The analysis of the original measurement periods provides a detailed insight into influences
on the heat pump efficiency, which can raise awareness for possible loss channels when
designing and operating a heat pump. Since the measurement data originate from different
time periods, a full year reference period is obtained by interpolation in Section 2.4.2.
These annual consumption and generation data are used to calculate the CO2,eq emission
reductions compared to a non-condensing boiler system in 1990, as this year serves as
a reference for German emission reduction policies. By taking into account a CO2,eq
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emissions reduction path of natural gas and electricity, this comparison highlights to
what extent the conducted measures are suitable to fulfil the targets until 2040. This
analysis is complemented by comparing the accumulated emissions of the scenarios in a
25-year period.

The economic impact of the renovation measures is assessed by the Net Present Value
(NPV) and is put into relation to the literature to give an indication of whether decisions
based on reference values would be consistent to the findings in other theoretical studies.
Lastly, the comparison of CO2,eq abatement costs and tenant rent change, with and without
subsidies, provides insights into the stakeholder dependency of the renovation benefit.

2. Materials and Methods
2.1. Renovation Scenarios

This study uses measurement data of a hybrid heat pump system in an unrenovated
(1hyb) and renovated building (2hyb), as displayed in Figure 1.

Figure 1. Overview of renovation scenarios and measurement periods with outdoor temperature
distribution.

The measured consumption and generation data in both states are interpolated on
a common reference period from 22.05.2021 to 21.05.2022, as described in Section 2.4.2.
Annual data of a condensing boiler system (1b,2b) and a non-condensing boiler system
(1b-nc) in 1990, as reference scenarios, are calculated with the methodology in Section 2.4.4.
The obtained annual data are applied on a 25-year period, starting in 2021, to compare the
energetic and economic performance, which also considers replacement investments, as
displayed in Figure 2.

The expected time of use for heating system components is derived from the VDI
2067 [20] and for building elements from the German Federal Ministry for Housing, Urban
Development and Building (BMWSB) [21]. For the scenarios of the unrenovated state
(1b,1hyb), a renovation is assumed at the start of the period, which does not alter the heat
loss coefficients compared to the unrenovated state in Table 1. The renovation is assumed
to maintain the value of the property, as the envelope elements are at their expected end of
use in 2021. This procedure is not in accordance to German building legislation but serves
as a theoretical baseline if no energy efficiency measures would be required. In this case,
only the business-as-usual (BAU) costs of a renovation are applied.
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Figure 2. Conducted and anticipated renovation of envelope and heating system components.

2.2. Building and Location

The field trial building, displayed in Figure 3, is located in the post code area 08626
of Germany. The design outdoor temperature of the climatic zone, according to the DIN
EN 12831-1, is −14.7 ◦C [22]. With respect to German climate, the location is considered
cold [18].

Figure 3. Field trial building before (left) and after (right) the envelope renovation.

General building data, as well as the estimated heat loss coefficients before and after
the renovation, are provided in Table 1. The heat loss for transmission and ventilation,
without radiation or internal gains, is calculated with the simplified approach of the DIN
EN 12831-1 [23] at the stated design outdoor temperature and a design room temperature
of 20 ◦C. The calculated transmission losses of the building are at a level of 89% of German
legal requirement GEG [24], which applies for new buildings and larger renovations. Since
the top floor and ground floor level are not renovated, the heat loss coefficients in grey do
not apply. The new building facade incorporates a decentralized ventilation system, which
was not in operation during the monitoring period.
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Table 1. Field trial building data.

Property Value

Window and door area Awindow [m2] 61
Useable building area Abuild,use [m2] [25] 311

Living area Abuild,living [m2] 283
Facade area without windows and door Afacade [m2] 329

Roof area Aroof [m2] 190

before after legal

renovation renovation requirement
GEG

Number of inhabited flats 4 of 5 5 of 5
Heat loss coeff. exterior wall [W/(m2K)] 1.40 0.16 0.24

Insulation thickness facade sins,facade
1 [m] 0 0.2

Heat loss coeff. roof [W/(m2K)] 1.40 0.12 0.24
Insulation thickness roof sins,roof [m] 0 0.3
Heat loss coeff. top floor [W/(m2K)] 1.00 1.00 0.24 (n.a.)

Heat loss coeff. ground floor [W/(m2K)] 0.56 0.56 0.30 (n.a.)

Heat loss coeff. windows [W/(m2K)] 1.90 0.85 1.10
Air exchange rate [h−1] 0.34 0.34

Heat load, transmission [kW] 24.2 10.1 11.4
Heat load, ventilation [kW] 2.7 2.7 2.7

Total heat load [kW] 27.0 12.8 14.2
1 λins = 0.035 W/(mK).

2.3. Heat Generation System and Settings

The heat generation system consists of a 27.5 kW gas condensing boiler and an 8.4 kW
(A-7/W35) air–water heat pump. The heat pump is coupled to the return of the boiler
via a low-loss header, which results in a serial connection, as shown in Figure 4. The
hybrid operation strategy during the monitored periods aims for a minimization of the
CO2 equivalent emissions. In case of an insufficient flow temperature at the heat pump
outlet, the boiler assists.

In Section 3.1.3, different efficiency boundaries are compared to quantify the impact of
loss channels. SCOP1 in Equation (2) considers the provided heat Qth,sh,hp* without defrosts
and the used electrical energy Wel,sh,hp* of the compressor Wel,sh,hp,comp, fan Wel,sh,hp,fan and
controller Wel,sh,hp,ctrl only during SH operation with active compressor operation (marked
with *).

Wel,sh,hp = Wel,sh,hp,comp + Wel,sh,hp,fan + Wel,sh,hp,ctrl (1)

SCOP1 =
Qth,sh,hp*

Wel,sh,hp*
(2)

SCOPdefrost additionally considers used thermal Qth,defrost,hp and electrical Wel,defrost,hp
energy during defrosting cycles in Equation (3).

SCOPdefrost =
Qth,sh,hp* + Qth,defrost,hp

Wel,sh,hp* + Wel,defrost,hp
(3)

SCOP2 extends this boundary in Equation (4) by operation states without compressor
operation, such as thermal Qth,dhw,hp and electrical Wel,dhw,hp energy during DHW preparation.

SCOP2 =
Qth,sh,hp + Qth,defrost,hp + Qth,dhw,hp

Wel,sh,hp + Wel,defrost,hp + Wel,dhw,hp
(4)
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The stated efficiency of the heat pump in this study refers to the system boundary
SCOP3, which is calculated by Equation (5), and additionally considers the electrical energy
consumption Wel,P1 of the pump P1, as displayed in Figure 4.

SCOP3 =
Qth,sh,hp + Qth,defrost,hp + Qth,dhw,hp

Wel,sh,hp + Wel,defrost,hp + Wel,dhw,hp + Wel,P1
(5)

The DHW demand is supplied by a 277 L single-coil storage. Since the DHW piping
contains more than 3 L, the outlet temperature of the DHW storage has to stay above 60 ◦C
according to the German regulation DVGW 551 [26]. The SH emission system was not
changed during the renovation and consists of panel radiators. The flow temperature
control is based on a weather compensation control (WCC) with a set point of 76 ◦C at the
design point in the unrenovated state.

Due to the expected decrease in the design heat load to 47%, the design flow temper-
atures can be reduced, as discussed by Lämmle et al. [17] and displayed in Figure 5. A
theoretical design temperature set point of 51 ◦C was initially applied but tenants reported
a reduced thermal comfort. Therefore, a supply water temperature set point of 57 ◦C is
used in the evaluation period.

The building design heat loads, based on Table 1, and flow temperatures are displayed
before and after the renovation in Figure 5.

Figure 4. Field trial hydraulic scheme with evaluated measured properties [18].

Figure 5. WCC design flow temperature and building heat load before (left) and after (right)
renovation with the thermal capacity of the heat pump at minimal and maximal compressor frequency.

The minimal and maximal thermal output of the heat pump is derived from a simula-
tion model in the work of Neubert et al. [18] and shows a decrease in the bivalent point
from 4 ◦C to −5 ◦C. The maximum heat pump capacity at both design conditions is 5.0 kW,
as the maximum flow temperature is 55 ◦C. The maximum heat pump capacity Q̇th,hp,max
and the design heat load of the building Φdesign are applied in Equation (6) to determine
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the performance share for space heating ξsh, which is used to estimate the coverage of the
heat pump by the VDI 4650 [27]

ξsh =
Q̇th,hp,max

Φdesign
(6)

2.4. Measurement Data Processing
2.4.1. Data Acquisition

The evaluation uses data with a 30 s resolution of the displayed quantities in Figure 4.
The measurement equipment is described in Neubert et al. [18].

2.4.2. Interpolation onto a Common Reference Period

To allow a comparison of the energetic performance of the renovation scenarios, the
measured provided, consumed and used energy is interpolated based on the outdoor air
temperature to a reference period, which is displayed in Figure 1. These quantities contain
the provided heat and consumed gas of the boiler Qth,dhw,b, Qth,sh,b, Qgas,dhw,b, Qgas,sh,b
and of the heat pump Qth,dhw,hp, Qth,sh,hp, Wel,hp. All auxiliary electrical consumers Wel,aux,
such as pumps and the boiler control unit, are combined. The transferred heat to the SH
distribution system Qsh,used and to the domestic hot water tank Qdhw,used are accounted
for as used heat. Additionally, the heat Qth,sh,rev is calculated when a reversed flow in the
SH circuit occurs due to the defect non-return valve.

The selected reference period is slightly colder acc. to a long-term analysis of the local
climate. The respective outdoor temperature distribution of the periods is displayed in
Figure 6 and shows that the unrenovated state covers the total outdoor temperature range
of the reference period and no extrapolation in terms of temperatures is necessary.

Figure 6. Temperature distribution of the reference period and monitoring periods of the unrenovated
and renovated building.

The monitored period of the renovated building shows an uncovered range of temper-
atures above 25 ◦C. These uncovered higher ambient temperatures are above the heating
limit temperature and no different behaviour due to extrapolation is expected. The com-
parison of the daily provided heat of the heat pump before and after the renovation is
displayed in Figure 7 with the respective interpolated values.

The comparison of the provided heat for SH by the boiler in Figure 8 indicates a
bivalent point at 4 ◦C before the renovation. After the renovation, the heat pump can cover
the SH demand without boiler support.
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Figure 7. Measured and linear interpolated daily provided heat of the heat pump before (left) and
after (right) the renovation.

Figure 8. Measured and linear interpolated daily provided heat of the boiler before (left) and after
(right) the renovation.

2.4.3. Linear Fit of Used Energy

In addition to the interpolated values, the used energy for space heating Qsh,used
and domestic hot water Qdhw,used is calculated by linear models. This approach allows a
comparison of both methods in Section 3.2.

The space heating demand of the building is calculated as a function of the daily mean
outdoor air temperature Tair,day in Equation (7). The resulting fit is displayed in Figure 10
with the coefficients in Table 4.

ϕday = x1 + x2 · Tair,day (7)

The weekly transferred heat to the DHW storage is fitted linearly to the outdoor
temperature Tair,week, as described in Equation (8) and is displayed in Figure 11.

Qdhw,stor,week = x1 + x2 · Tair,week (8)

2.4.4. Calculation of the Boiler Scenario

The provided heat for SH of a condensing boiler system (1b,2b) and a non-condensing
boiler system (1b-nc), as a baseline scenario in 1990, is calculated by adding the measured
provided heat of heat pump and boiler. The consumed gas energy is calculated with
a constant efficiency of 76% for the non-condensing boiler and 86% for the condensing
boiler [28]. For the DHW preparation, the provided heat of the boiler is used, as the boiler
completely serves the DHW preparation.

2.4.5. Calculation of Improved DHW Preparation

As highlighted in Figure 4, the SH non-return valve is defective and leads to a reversed
flow in the SH circuit during DHW operation. Furthermore, water is circulated in the
HP circuit during the DHW operation, although the heat pump cannot contribute to this
demand and heat losses occur. Both effects are corrected by calculation to obtain scenarios
1hyb* and 2hyb*. The transferred heat to the SH system due to the reversed flow Qth,sh,rev is
deducted from the provided heat of the boiler Qth,sh,b. This heat is proportionally accounted
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for by the SH operation of the heat pump and the boiler being below the bivalent point.
Above the bivalent point, the heat is accounted completely for by the heat pump. For the
heat pump, the daily SCOPde f rost without DHW standby losses is used to calculate the
corresponding electrical consumption, whereas the gas consumption is calculated with the
efficiency of the total period. Additionally, the heat losses in the heat pump circuit during
the DHW preparation Qth,dhw,hp are eliminated and deducted from the provided heat of
the boiler during DHW Qth,dhw,b.

2.5. Economical and Ecological Evaluation of Renovation Measures

This study aims to compare the economical and ecological impact of the renewal of
the heating system and the building envelope. For this purpose, the net present value
(NPV) is calculated for a total period of 25 years, starting in 2021 until 2045. While the
initial investment costs can be decisive for the choice of a renovation path and the source
of funding [29], the net present value allows us to consider running costs over a certain
period. The ecological impact is calculated based on the relative emissions compared to a
baseline scenario in 1990 and the total emissions of the heating system during the 25-year
period.

2.5.1. Net Present Value

The NPV is used to calculate the discounted costs and income from an investment
over a period τ according to Equation (9) [15] w.r.t. inflation r and interest rate q. As no
income is generated by the heating system, all NPV are negative. For better readability,
the analysis in Section 3.4 displays the NPV with the unit -/m2. The calculation considers
the initial investment I0, replacement costs Crep, maintenance costs Cmaint, the remaining
value at the end of the period RV of a component c and the energy costs Cen of the energy
carrier y.

NPV =
c=zcomponent

∑
c=1

−I0,c − Crep,c − Cmaint,c + RVc +
y=zenergy

∑
y=1

−Cen,y (9)

Investment Costs

The investment costs are calculated by cost functions and are displayed in Table 2.
Since the coefficients relate to the first quarter of 2015 [30] and 2020 [15], they are converted
to the level of the renovation in the third quarter of 2021 by using the average construction
price change [31].

The cost functions include a 19% value-added tax and also consider installation costs
for heating system components. The field trial costs are separated in business-as-usual
(BAU) costs and energy-related additional (ERA) costs according to the definition in the
respective cost function literature. BAU costs occur anyway as components need to be
replaced when their time of use is exceeded but do not consider an improvement of the
energetic quality above a minimal required level. In opposite, ERA costs are the additional
costs for an energy efficiency modernization. Similar to Hinz [30], the gas boiler system
and two glazed windows are considered as a minimum available standard on the market,
while insulation and heat pump systems are energetic modernizations. In Germany, the
differentiation can be relevant, as a maximum of 8% of the initial investment costs can
be levied in rental houses to allow an amortization of the investment. This applies if
the investment is used for an energetic modernization of the property as elaborated by
Braeuer et al. [15] and is limited to a maximum of 2 to 3 EUR/m2 per month [32].

To rate the impact of subsidies for renovation measures in Section 3.4, the funding
conditions with effect from 01.01.2023 are applied. For the hybrid heat pump system,
only the heat pump part is eligible for funding with 25% [33]. For building envelope
renovations, a subsidy of up to 20% can be applied if a professional renovation consultation
has been conducted [34]. The funding is also applied for all envelope BAU costs, as these
are considered as required preparatory work.
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Table 2. Investment cost curves (Q3 2021).

Component
Investment Costs Business-as-Usual Energy-Related Additional

Variables x
Inspection and

I0
(BAU) Costs (ERA) Costs Maintenance

a b a b m [%]

Roof 1 (λins = 0.035 W/(mK)) (a + b · x1) · x2 181.8 0.526 14.72 3.078 x1 = sins,roof 0x2 = Aroof

Facade 1 (λins = 0.035 W/(mK)) " 100.3 0 25.73 3.656 x1 = sins,facade 0x2 = Afacade
Windows (2n) 1 a · xb · x 538.0 −0.231 0 0 Awindow,single 0
Windows (3n) 1 " 538.0 −0.231 76.62 −0.163 Awindow,single 0

Windows (3n-PH) 1 " 538.0 −0.231 319.3 −0.304 Awindow,single 0
Scaffold 1 " 98.42 −0.320 0 0 Aliving 0
Planning 1 " 954.1 −0.559 0 0 Aliving 0

Gas boiler 2 " 1156 −0.420 0 0 Q̇b 2.5 3

ASHP 2 (rated at A2/W35) " 0 0 6270 −0.537 Q̇hp 2.5 3

DHW storage 2 " 685.4 −0.804 0 0 Vstor 2.0 3

Periphery 1 " 876.9 −0.533 0 0 Aliving 2.5 3

1 Hinz [30]. 2 Braeuer et al. [15]. 3 VDI 2067 [20].

Replacement and Remaining Value

Since the time of use τuse is below the total observed period, an investment for each
replacement i is calculated by Equation (10). The interest rate q is assumed with 7.5% [15]
and the price increase with 2% in accordance to the target of the European Central Bank.

Crep,c =
i=zrep

∑
i=1

(I0,c,BAU + I0,c,ERA) ·
ri·τuse,c

qi·τuse,c
(10)

The remaining value of the components at the end of the period τ is calculated
by Equation (11) and assumes a linear loss of value over the time of use w.r.t. the ith
replacement investment [20].

RVc = I0,c · ri·τuse,c · (i + 1) · τuse,c − τ

τuse,c
· 1

qτ
(11)

Operation Costs

The costs due to operation result both from maintenance and inspection and from the
energy consumption. The maintenance and inspection costs are calculated by Equation (12)
for each year t with a fixed factor m of the investment costs in Table 2.

Cmaint,c =
t=τ

∑
t=1

mc · (I0,c,BAU + I0,c,ERA) ·
rt

qt (12)

The operation costs of all final energies y are calculated by Equation (13) for all years t.
The energy prices p are derived in Section 2.5.4.

Cen,y =
t=τ

∑
t=1

Qy,t · py,t ·
rt

qt (13)

2.5.2. Cost Differences for Landlord and Tenant

As the economic impact of a renovation is different for landlord and tenant, the
NPV is insufficient to represent their perspectives. While the investment costs, and often
also the maintenance costs, are payed by the landlord, the energy costs are partially split
between both.

According to German legislation, the CO2-related costs of energy usage for SH and
DHW preparation Cen,CO2 must be split between tenant and landlord in dependency of the
specific CO2 emissions of the building [35], as shown in Equation (14). With the emission
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factors and prices in Section 2.5.4, the CO2-related costs of natural gas amount to 0.6 to
3.0 ct/kWh between 2020 and 2050. Consequently, if the building has specific emissions of,
e.g., 30 kg/m2a, the tenants’ share β would amount to 60%.

Cen,ten = Cen − Cen,CO2 · β (14)

As explained in Section 2.5.1, the ERA costs of the investment can be levied to the
tenant. The accumulated change of rent ∆Crent,25 in the 25-year period is composed of the
energy cost change, w.r.t. the unrenovated state Cen,ten,1b and the investment related rent
increase in Equation (15).

∆Crent,25 = Cen,ten − Cen,ten,1b +
t=τ

∑
t=1

0.08 · I0,ERA

qt (15)

2.5.3. CO2,eq Emissions

The accumulated equivalent CO2,eq,25 emissions of a system are calculated by Equation (16)
for the period w.r.t. the usable building area Abuild,use and the emission factors e in
Section 2.5.4.

CO2,eq,25 =

t=τ

∑
t=1

Qgas,t · egas,t + Wel,t · eel,t

Abuild,use
(16)

2.5.4. Energy Prices and Emission Factors

The comparison of the system energy costs uses prices of gas and electricity in Table 3 [15]
for scenario COP1 of Wagner et al. [36], in which a CO2 price of 180 €/tCO2 is assumed.
The household tariff for electricity in the study is converted to a heat pump tariff with a
constant factor of 0.736 [15].

As energy prices in Germany increased sharply due to the European energy crisis
in 2022, an alternative scenario is derived w.r.t. to energy prices in August 2022. A gas
price of 17.8 ct/kWh is used for an annual consumption of 20,000 kWh [37]. The household
electricity price for an annual consumption of 4000 kWh is 42.0 ct/kWh [38], which equals a
heat pump tariff of 31.0 ct/kWh with the constant factor in Braeuer et al. [15]. These prices
are used as basis for the starting year 2021 and the same absolute changes are applied, as
displayed in Figure 9 with 25% steps for the sensitivity analysis in Section 3.4.3.

Figure 9. Energy price trends for peak and low-price scenario with intermediate steps.

The CO2,eq emissions of electricity at the low voltage transfer grid and of gas w.r.t.
the lower calorific value at the building level with a power to gas share are obtained from
GEMIS version 5.0 [39].
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Table 3. Specific emissions and prices of gas and electricity (LowEx).

Emissions Emissions Price Price
Natural Gas Electricity Natural Gas Electricity[ gCO2,eq

kWhgas

] [ gCO2,eq

kWhel

] [
ct

kWhgas

] [
ct

kWhel

]
1990 * 267.1 805.6 - -
2000 256.8 679.1 - -
2020 222.9 404.7 6.3 23.6
2030 204.2 194.7 11.3 18.7
2040 194.9 108.1 13.4 19.0
2050 185.5 21.4 15.4 19.4

* The 16% decrease in direct CO2,eq emissions between 1990 and 2000 [40] is extrapolated onto the total emissions
of GEMIS in 2000.

2.5.5. CO2,eq Abatement Costs

Abatement costs for building renovation measures are an additional indicator to rate
the efficiency of the emission reduction [41]. In this work, the abatement costs Cab,CO2,25
are calculated by Equation (17) w.r.t. to the boiler system in the unrenovated state (1b).

Cab,CO2,25 =
NPV − NPV1b

CO2,eq,25 − CO2,eq,25,1b
(17)

3. Results

The evaluation focuses on the behaviour during the actual monitored periods in a first
step. In a second step, the performance in the reference period is investigated.

3.1. Performance in the Monitored Periods

An overview of the provided heat for SH and DHW, as well as the heat load of the
building before and after renovation, is provided in Figure 10.

Figure 10. Provided heat from heat pump and boiler with calculated and measured mean building
heat load before (left) and after (right) the renovation.

Despite the different duration and outdoor temperature distribution of the periods,
as discussed in Section 2.4.2, some general conclusions can be derived for SH and DHW
preparation, as well as the overall efficiency.

3.1.1. Space Heating

The daily mean heat load in both cases is visibly lower compared to the calculated
design values in Table 1. This could be caused by the simplifications of the calculation
procedure, which do not consider heat gains by occupancy and radiation. The obtained
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fit parameter for the daily heat load are shown in Table 4 and lead to design heat loads of
17.7 kW results for the unrenovated building and 6.1 kW for the renovated one at −14.7 ◦C.

Table 4. Daily heat load parameters (fit).

Unrenovated Renovated

x1 9.4 kW 3.4 kW
x2 −0.57 kW/K −0.19 kW/K

Based on these design heat loads and the maximum heat pump capacity in Section 2.3,
an actual performance share ξsh of 28 and 82% can be obtained by Equation (6). The
corresponding heat pump coverages for SH of 85% and 100% in the guideline VDI 4650
are not reached in the measured periods with 58% in the unrenovated state and 70% in
the renovated state. The coverage of the heat pump for space heating αsh,hp is calculated
w.r.t. the provided heat of the generators, as in the work of Günther et al. [16]. In the
unrenovated state, the lower share mainly results from the high SH temperature set points,
the very low outdoor temperatures and the defect non-return valve in the SH circuit [18],
which is highlighted in Figure 4.

Although the lower flow temperatures in the renovated state improve the operation
conditions of the heat pump, the DHW operation of the boiler becomes increasingly influen-
tial, especially since the non-return valve remains defect. Due to the WCC adjustment, the
temperature difference between SH and DHW operation increases and the thermal inertia
of the (floorstanding, high-volume) boiler and distribution system becomes more relevant.
Figure 10 illustrates the effect as the boiler share for SH operation increases unexpectedly
with rising outdoor temperatures, despite the fact that the boiler is almost never started
to serve SH. The contribution of heat results solely from the boiler block, which is cooled
down by the SH pump operation and lowers the potential for the heat pump operation.

3.1.2. Domestic Hot Water Preparation

The share of the provided heat for DHW of the total heat increases from 15% to 40%
due to the renovation. This high share is partly caused by the constant operation of the
circulation pump in the DHW distribution network in combination with the aforementioned
thermal capacity of the generation system.

The comparison of the fit and the measured transferred heat to the DHW storage in
Figure 11 shows a higher demand in the renovated state, which can be traced back to the
occupancy of one additional flat.

Figure 11. Weekly transferred heat to the DHW storage with fit.
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3.1.3. Energy Efficiency

The main influences on the heat pump performance are the operation temperatures on
the sink and source side, the compressor frequency and the energy uptake during defrosts.

The renovation with an adjustment of the WCC set point leads to a significant reduction
in the mean flow temperature and, consequently, to an increase in the SCOP1, which
is depicted in Figure 12. At similar outdoor temperatures, as in the period before the
renovation, the SCOP1 is 0.46 higher, as can be seen in Table 5.

The lower heat output of the heat pump after the renovation also leads to less ice
accumulation and, therefore, a significant reduction in the number of defrosts. Nevertheless,
the efficiency reduction due to the extracted heat and the used electrical energy during the
defrosts (SCOPdefrost) is similar before and after the renovation.

Another relevant influence on the efficiency after the renovation is the heat loss in the
heat pump circuit in the standby mode. This results mainly from losses during the DHW
preparation, at which high water temperatures enter the heat pump circuit and lead to a
reduction of 0.17 in SCOP2.

The consideration of the electrical consumption of the supply pump P1 in SCOP3
leads to a marginal reduction, which is slightly higher after the renovation.

Figure 12. Daily SCOP and energy weighted flow temperature before and after the renovation.

Table 5. Mean air and flow temperature with different SCOP boundaries.

Unrenovated Renovated

Tair,hp 1.9 ◦C 2.1 ◦C
Tflow,hp 46.2 ◦C 41.3 ◦C
ncomp,rel 78.8% 42.9%
SCOP1 2.82 3.28

SCOPde f rost 2.71 (−0.11) 3.16 (−0.08)
SCOP2 2.67 (−0.04) 2.99 (−0.17)
SCOP3 2.65 (−0.02) 2.94 (−0.05)

3.2. Performance in the Reference Period

The interpolation of the provided and used heat for the two building renovation states
and the two heat generation systems is displayed in Figure 13. Relevant performance
indicators are displayed in Table 6 and also include the emissions of a condensing and
non-condensing boiler with the emissions factors in 1990.
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Figure 13. CO2,eq emissions, provided and used heat before and after renovation with condensing
boiler and hybrid heat pump.

Table 6. Performance indicators of investigated scenarios.

Scenario Year αsh,hp SCOP3 ηb Qgas Wel CO2,eq,spec
[%] [-] [%] [kWh/(m2a)] [kWh/(m2a)] [kg/(m2a)]

1b-nc 1990 - - 76.0 201.3 0.7 49.0
1b 1990 - - 86.0 178.5 0.7 43.5
1b 2021 - - 86.0 178.5 0.7 35.8

1hyb 2021 66 2.79 87.4 84.8 29.2 28.1
2b 2021 - - 86.0 96.4 0.9 19.5

2hyb 2021 65 2.88 89.9 61.7 10.4 16.3

With DHW optimization

1hyb * 2021 80 2.89 87.4 63.1 34.8 25.9
2hyb * 2021 83 3.14 89.9 50.0 13.0 14.9

3.2.1. Status Quo

In the unrenovated state, the annual specific SH demand accounts to 125 kWh/(m2a)
and is reduced by 62% to 47 kWh/(m2a) after the renovation.

The comparison of the interpolated used heat for SH and DHW with the linear fit
shows only small differences in the order of 2% and the interpolation is therefore considered
to create plausible data. In the following evaluation, only the interpolated values are used.
The used energy for the DHW tank charge is 22% higher after the renovation, as described
in Section 3.1.2, and accounts for 17% of the total annual heat demand in the unrenovated
state and 39% in the renovated state. The total provided heat is 4% higher than the used
heat in the unrenovated state and 9% higher in the renovated one, which can be linked to
heat losses. The exact amount of all losses cannot be evaluated due to the accuracy of the
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used interpolation procedure. Nevertheless the obtained values seem plausible, as the heat
pump circuit already causes losses during the DHW preparation of 1% in the unrenovated
and 3% in the renovated state. Remaining losses could be linked to the boiler and the heat
pump operation in SH mode.

Before the renovation (1hyb), the heat pump achieves a coverage of 66% of the building
heat load, which is higher than during the monitored period due to the higher outdoor
temperatures of the reference period. The reached coverage after the renovation (2hyb)
is reduced to 65%, due to the impact of the non-return valve and the boiler capacity,
as described in Section 3.1.1. The simulated fix of the non-return valve in the work of
Neubert et al. [18] shows a reduction in the provided heat during DHW preparation by
33%. An investigation of the optimized DHW preparation is therefore conducted in a
subsequent step.

3.2.2. Optimized DHW Preparation

The correction of the defect non-return valve and the heat losses during DHW prepa-
ration in the heat pump circuit, as described in Section 2.4.5, leads to a reduction in the
provided boiler heat by 36% in the unrenovated state and 19% in the renovated state. As
a consequence of the corrected reversed flow, the heat pump share is highly increased to
80% (1hyb*) and 83% (2hyb*) and furthermore the SCOP increases, as the impact of heat
losses is reduced. The absolute reduction in CO2,eq emissions by the investigated mea-
sures is small, but the overall share of the fossil emissions is reduced, which is important
within a further decarbonized electrical grid. The further investigation uses the improved
DHW preparation.

3.3. Reduction of CO2,eq Emissions

The greenhouse gas emission reductions in the scenarios are compared to a baseline
scenario in 1990 with a non-condensing boiler (1b-nc), as this year is the reference for the
German climate targets. In a second step, the accumulated emissions of the 4 systems over
the 25 year period are compared.

3.3.1. Comparison to 1990

The comparison in Figure 14 shows that the lower specific emissions factor of gas since
1990, due to lower indirect emissions and a small power to gas share, already decreases the
emissions by 13%. Furthermore, if an efficient condensing boiler is used (1b), the emissions
are 28% lower compared to the baseline scenario of 1990. If a hybrid heat pump is applied
in this unrenovated state (1hyb*), an emission reduction of 48% is achieved. With the
assumed specific emissions of gas and electricity in 2030, the emission reduction increases
to 65%, which is marginally below the German emission reduction target of 68%. In 2040,
the emissions would be 71% below the baseline of 1990.

If the building is renovated, the application of a gas condensing boiler (2b) can already
reach an emission reduction of 63% compared to 1990. The additional usage of a heat pump
(2hyb*) reduces the emissions only by an additional 10% in 2021 and fulfils the emission
target for 2030. The small benefit of employing the heat pump is mainly caused by two
effects. On the one hand, the specific emissions increase, as the DHW preparation is still
conducted by the boiler and has an increased share of the total heat demand. On the other
hand, is a part of the SH demand covered by the boiler during the DHW operation in this
system. With the assumed emissions factors in 2030 and 2040, reductions of 78% and 81%
can be achieved. With respect to a target reduction of 88% in 2040, the system therefore
requires further measures to increase the heat pump share for DHW.
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Figure 14. Emission reduction of renovation scenarios compared to a non-condensing gas boiler in 1990.

3.3.2. Accumulated CO2,eq Emissions

The single measures of scenario 1hyb* and 2b lead to comparable emission reductions
of 45% and 46%, as shown in Figure 15. The combination of adding a hybrid heat pump
and a renovation of the building envelope leads to emission reductions of 65% compared
to a new gas boiler in an unrenovated building. Over the 25-year period, this reduction
equals 167 t of CO2,eq.

Figure 15. Accumulated CO2,eq,25 emissions of the 25 year period.

3.4. Cost Analysis
3.4.1. Investment Costs

The calculated investment costs are compared with the actual investment costs of
the field trial components in Figure 16 w.r.t. the useable building area of 311 m2 (detailed
values in Tables 7 and 8).
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Table 7. Calculated and actual envelope investment costs (field trial) (Q3 2021).

No Energetic Renovation (1) Energetic Renovation (2)

Calculation Field trial Calculation Field trial

Component BAU/ERA BAU/ERA BAU/ERA BAU/ERA
costs [€] costs [€] costs [€] costs [€]

Roof 34,540/0 48,270/0 37,580/20,590 48,270 (+28%) /19,840 (−4%)
Facade 33,430/0 61,350/0 33,430/32,940 61,350 (+84%)/47,980 (+46%)

Windows 27,930/0 1 23,980/0 27,930/5360 2 23,980 (−14%)/4670 (−13%)
Scaffold 4570/0 11,230/0 4570/0 11,230 (+146%)/0
Planning 11,500/0 14,110/0 11,500/0 14,110 (+23%)/0

Total 111,970/0 158,940/0 115,010/58,890 158,940 (+38%)/72,480 (+23%)
Total no subsidies no subsidies 92,010/47,110 127,150/57,990with subsidies

1 double glazing (2n). 2 facade: triple glazing (3n), roof: triple glazing with improved frame (3n-PH).

Table 8. Calculated and actual system investment costs (field trial) (Q3 2021).

Boiler (b) Hybrid (hyb)

Calculation Field trial Calculation Field trial

Component BAU/ERA BAU/ERA BAU/ERA BAU/ERA
costs [€] costs [€] costs [€] costs [€]

Gas boiler 7990/0 9200/0 7990/0 9200 (+15%)/0
ASHP 0/0 0/0 0/17,340 0/17,020 (−2%)

DHW storage 2060/0 3300/0 2060/0 3300 (+60%)/0
Periphery 12,250/0 56,580/0 12,250/0 5680 (−54%)/0

Total 22,300/0 18,180/0 22,300/17,340 18,180 (−18%)/17,020 (−2%)
Total no subsidies no subsidies 22,300/13,010 18,180/12,770with subsidies

Figure 16. Investment costs with and without subsidies.

It is important to note that the energetically unrenovated states (1b,1hyb) already
lead to high investment costs due to the fact that the building envelope has reached the
end of the expected life time and a renovation would therefore occur anyway. Significant
deviations w.r.t. the absolute value can be observed for the facade, roof, scaffold and
heating system periphery and could be linked to multiple causes. In general, the BAU cost
functions of these components have a small coefficient of determination in the original
source, which is plausible due to the large variation in possible renovation actions within
each component. Furthermore, it is important to note that the renovation measures have
been conducted in the context of a publicly funded project in which a ventilation system
has been integrated into the facade. Since this system was not in use during the monitoring
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period, related costs are deducted. Nevertheless, an uncertainty remains, which especially
affects the facade.

3.4.2. Net Present Value

The NPV evaluation in Figure 17 uses the energy prices before the European energy
crisis (LowEx) while detailed values for the cost components with subsidies and cost range
are displayed in Table 9.

Table 9. Net present value cost components with subsidies and energy cost range (Changes to lower
costs in green).

1b 1hyb* 2b 2hyb*

Calc. Field trial Calc. Field trial Calc. Field trial Calc. Field trial

Energy electricity [-€/m2] 2. . .3 95. . .128 2. . .3 36. . .48
Energy gas [-€/m2] 256. . .532 90. . .188 138. . .287 72. . .149

Maintenance [-€/m2] 24 20 43 34 24 20 43 34
Investment system [-€/m2] 76 65 128 112 76 65 128 112

Investment envelope [-€/m2] 342 484 342 484 423 562 423 562

Total [-€/m2] 700. . .977 826. . .1103 698. . .829 815. . .946 664. . .814 787. . .938 701. . .791 816. . .905
Change to 1b [%] - - +0. . .+15 +1. . .+14 +5. . .+17 +5. . .+15 −0. . .+19 +1. . .+18

The results emphasize that almost all renovation scenarios lead to an increase in the
NPV if subsidies are applicable. Since all measures also reduce the CO2,eq emissions, the
abatement costs in these cases are therefore negative, as elaborated on in Section 3.4.3.

It can also be seen that the relative difference to the pure boiler scenario (1b) is nearly
equal for the calculation and the field trial besides large absolute differences of the NPV.
This is linked to the fact that the BAU costs are the main driver of the deviation, as explained
in Section 2.5.1, and also applies for the baseline scenario (1b). Derived conclusions w.r.t. to
the cost efficiency of the renovation measures based on calculated values would therefore
coincide to a large extent with the actual values of the field test.

Figure 17. Net present value of the scenarios with and without subsidies.

3.4.3. Rent Change and CO2,eq Abatement Costs

Since the NPV only focuses on a global cost efficiency of the renovation, the CO2,eq
abatement costs and the rent change of the tenant are evaluated in a sensitivity analysis of
energy prices. The actual field trial costs are applied.

CO2,eq Abatement Costs

The comparison of CO2,eq abatement costs in Figure 18 emphasizes that the hybrid
heat pump in the unrenovated state (1hyb*) causes negative abatement costs, as long as
gas prices are above the low level of the past years (LowEx). Due to the relatively small
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investment costs of the heat pump, the energy prices have a dominant effect irrespective
of subsidies.

Figure 18. CO2,eq abatement costs with (top) and without (bottom) subsidies.

In contrast, the envelope renovation (2b) shows a high dependency on the availability
of subsidies. While negative abatement costs are achieved in all price scenarios with
subsidies, this is only the case with very high gas prices if no subsidies apply.

A combined heating system and envelope renovation results in a similar trend with a
reduced influence of energy prices.

Rent Change

The impact of energy prices on the accumulated rent change is displayed in Figure 19.
As the rent change is an opportunity for the landlord to amortize the investment in

the renovation, a negative value indicates a benefit for both tenant and landlord.
The usage of a heat pump (1hyb*) shows a similar trend for the rent change as for the

abatement costs. This is mainly due to the fact that the complete investment costs of the
heat pump are modernization costs and subsidies are therefore reducing the modernization
impact on the tenant.

In contrast, the building renovation (2b) shows a different behavior when subsidies
are applied. While the abatement costs are negative, which indicates a total potential for
a cost neutral renovation, the rent could actually increase. This is caused by the fact that
the subsidies for an envelope renovation not only apply for the ERA costs but also for
the BAU costs, which are the majority of the investment. This indicates, that the high
ERA investment costs are not compensated with energy cost reductions and that the 20%
subsidies can only partially improve the situation.

The combination of building and heating system renovation (2hyb*) combines the
properties of both scenarios. The impact of high gas and electricity prices becomes damp-
ened through a lower total consumption. The results highlight that the economical benefit
of applying a high efficiency heating system becomes reduced if the overall heat demand is
reduced by the envelope renovation.
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Figure 19. Accumulated change of rent of the 25-year period with (top) and without
(bottom) subsidies.

4. Discussion

The accumulated CO2,eq emission reduction demonstrates that the impact of installing
a hybrid heat pump is equivalent to a building renovation to a new-build state. A signif-
icantly higher emission reduction of the heating system renovation could be expected if
the heat pump is used for DHW preparation, which is the default for single family home
residential buildings [16]. The simulated renovation of a medium multi-family house with
the legally required insulation level (GEG) and bivalent heat pump leads to an accumulated
emission reduction of 81% (scenario S4 A60b) [15]. While a direct comparison to the
obtained 65% emission reduction in this study is not possible, due to differences in heat
generator sizing and efficiency, it highlights an optimization potential for which the DHW
preparation by the heat pump can be perceived as a relevant lever.

The comparison nevertheless confirms the aim of climate action policies, since a
substantial emission reduction is only possible by combining both a building envelope
renovation and the application of heat pump systems. The synergy of an envelope reno-
vation and a heat pump system is also present in the observed increase of the heat pump
efficiency due to the WCC set point reduction, which is in accordance with the findings in
the literature [16,17].

Furthermore, the study highlights the importance of the DHW preparation. On the
one hand, a fault in the system setup, such as a defect non-return valve, can lead to
unnecessarily high temperatures in the distribution system, which lowers the reachable
heat pump share for space heating and increases losses. On the other hand, even in normally
operated systems, high DHW temperatures lead to a high boiler share. Even in a future
nearly decarbonized electrical grid, the CO2,eq emission reduction potential is limited to
81% compared to 1990 and, therefore, fails to reach the reduction targets of the German
government for 2040. Nevertheless, the usage of two sensor charging strategies in central
DHW storages, as well as central or decentral plate heat exchanger with buffer storages
can significantly increase the heat pump share for the DHW preparation [13]. To reach a
compromise between comfort and emission reduction through the operation of hybrid heat
pumps, further research is required.
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The actual envelope investment costs of the field trial are high w.r.t. the literature’s
cost functions [15,30]. The specific renovation costs of 940 EUR/m2

living are 29% higher

compared to the E70 renovation scenario of Walberg et al. [10], which has a transmission
loss level of 85% compared to a GEG reference building [24]. Since the investigation of a
small multi-family house is at the lower range of multi-family houses, the specific costs
are expected to be higher than the average multi-family house, as can be seen at much
higher costs for one or two family houses in the work of Walberg et al. [10]. The results are
therefore considered plausible to a large extended.

Although a direct comparison is not possible, due to differing building properties and
time period, the calculated NPV of the envelope investment in this study is higher than the
respective costs for a renovation to a passive house level in Braeuer et al. [15]. This could
be linked to different used cost curves and results in a much higher share of investment
costs to energy costs in this study, which potentially reduces the benefits for both tenant
and landlord. It is also important to note that the ERA costs of the envelope renovation
contribute to more than 30% of the total costs and can be influenced by the decision on the
renovation depth.

The following conclusions can be derived in terms of cost efficiency.

1. The cost efficiency of a building envelope renovation increases when approaching
the end of the life time of the envelope elements, as the BAU costs occur at this
point anyway.

2. A renovation with lower heat loss coefficients than legislatively required will likely
only reach cost efficiency if subsidies are granted, as these then apply to all ERA and
the majority of BAU costs.

3. Despite an overall economical efficiency of the envelope renovation with subsidies,
the rent could still increase if the levied modernization costs are not compensated by
the energy cost reduction.

4. If cost efficiency for the project is only reached with subsidies, this means that costs
are levied to the society and cost efficiency is not achieved globally.

5. An overoptimization of the envelope insulation level could be present, as the space heating
demand of 47 kWh/(m2a) is well below the determined optimum of 70 kWh/(m2a) in the
work of Vollmer et al. [19] and is with 89% below the recommended transmission loss
level in the work of Walberg et al. [10]. Since heat pumps can serve the SH demand
efficiently, costs savings for the envelope could be invested in more efficient heat
generation technologies.

Limitations

In this study, an interpolation of operation characteristics in dependency of the outdoor
air temperature is used. Although the comparison of the used energy for SH and DHW
with a linear fit shows only small deviations, larger deviations can arise from behaviour
which is not directly coupled to the outdoor air temperature. During holiday periods, the
DHW consumption would be expected to decrease significantly, while this behaviour might
not be present in the original dataset if only few months have been recorded. Additionally,
the outdoor air dependency of the energetic quantities is also less significant after the
renovation and the interpolation has, therefore, a higher uncertainty.

The calculation of the boiler reference scenario is considered as a conservative es-
timation, as the boiler would be expected to have a higher efficiency without a return
temperature increase by the heat pump. Nevertheless, the boiler efficiency shows in general
only a small sensitivity. Since heat pump systems have a much higher dependency of their
efficiency on operation conditions, a calculation of a monoenergetic heat pump system is
not conducted in this study, although it is a relevant alternative to a hybrid system.

The investigated unrenovated scenarios for a further 25 years are theoretical cases,
as the envelope of the field trial building has reached the end of its useful life and would
need to be equipped with insulation by law. Nevertheless, the scenario highlights the
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need to carefully choose the required insulation level. A further investigation, which
considers actual costs of renovations, a bigger range of heating technologies and the variety
of envelope conditions, is required for an insight in required renovation paths for the
building stock.

Furthermore, the forecast onto a 25-year period is subject to high uncertainties. While
the impact of energy prices is varied in a sensitivity study, the uncertainty of the energy
carrier specific emissions factor development is not considered. Furthermore, the evaluation
does not consider impacts of the climate change on the heat demand, which could lower the
space heating demand in the observed period and improve the heat pump efficiency [42].

The techno-economic comparison of building envelope and heating system renovation
in this study does not quantify the positive impact of an envelope renovation on the thermal
comfort due to less inhomogeneous room temperature distribution and the prevention of
mould formation, which was present in the unrenovated state. Furthermore, the reduction
of the heat demand through an envelope renovation also reduces the electrical grid load by
the heat pump.

5. Conclusions

In this study, the measurement data of a hybrid heat pump system in a small multi-
family house, before and after a renovation to a new built state, are evaluated. The
operation characteristics are assessed in dependency of the outdoor temperature and
are used for an interpolation in a one-year reference period. The results of the study
highlight the importance of the DHW setup, as the high flow temperature set point and the
applied storage system in combination with the low achievable temperature of the heat
pump require the preparation solely by the boiler in this system. Due to the missing heat
pump share for DHW, the achieved emission reduction by envelope and heating system
renovation of 81%, compared to a non-condensing boiler in 1990, is insufficient to fulfill the
German climate targets for 2040. Nevertheless, the combination of renovation measures,
reduces the accumulated emissions in a 25-year period by 65% while the heat pump also
benefits from a SCOP increase by 0.29 due to the lower space heating temperatures.

The comparison of the actual investment costs of the field trial with data in the
literature indicates a high cost level of the former one. Therefore, this deep renovation
is only cost effective, if subsidies are granted and a rent increase for tenants can occur in
scenarios with a low to medium gas price level, despite the space heating demand reduction
of 62%, if the landlord levies the investment costs.

Overall, the results show that the application of a hybrid heat pump is an immediate
measure to significantly reduce the emissions with low investment costs, compared to a
building renovation. Nevertheless, to fulfill future climate targets, the heat pump must
be able to support the DHW preparation and an envelope renovation is mandatory, for
which the required insulation level should be selected carefully to avoid an increase in rent
for tenants.
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Nomenclature

Abbreviations

ASHP air source heat pump
BAU business as usual
DHW domestic hot water
ERA energy-related additional
SH space heating
WCC weather compensation control

Symbols

A area m2

a coefficient investment costs -
b coefficient investment costs -
C costs e
c index component -
e end energy CO2 emission factor kg kWh−1

I0 initial investment costs e
i index replacement -
m maintenance and inspection factor -
ṁ mass flow kg s−1

n relative compressor speed -
NPV specific net present value em−2

p energy price e kWh−1

Q heat/chemical energy kWh
q interest rate -
r inflation -
s thickness m
RV remaining value e

SCOP seasonal coefficient of performance -
T temperature ◦C
t index time a
W electrical energy kWh
x coefficient/variable -
y index energy carrier -
z counter -
α coverage share -
β CO2-related energy cost share of tenant -
η efficiency -
λ thermal conductivity W m−1K−1

Φ heat load W
τ time period a
ξ performance share -

Subscripts

ab abatement
b boiler
build building
circ circulation
comp compressor
ctrl controller
el electrical
en energy
eq equivalent
hp heat pump
ins insulation
maint maintenance
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rel relative
rep replacement
rev reverse
sh space heating
spec specific
stor storage
ten tenant
th thermal
use useable
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