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Photovoltaic (PV) installations in the building sector are expected to play a crucial role in Switzerland’s efforts 
to achieve decarbonization targets. Nevertheless, most analyses on PV system design prioritize economic factors, 
and overlook the impact of angle-dependent PV generation, dynamic grid greenhouse gas (GHG) emissions, and 
export limitations on their emission abatement potential during operation. Our study sheds light on the cost-
and emission-optimal orientation and sizing of PV systems in buildings, factoring in hourly grid GHG emission 
intensity and curtailment measures. We employ mixed-integer linear programming (MILP) and illustrate the 
methodology for a case study building under different scenarios, aiming to minimize costs and emissions by 
considering a combination of rooftop and façade PV systems, and a battery. We show that assuming a constant 
annual grid GHG emission intensity may overestimate annual emission abatement potential of PV generation 
by a factor of two, emphasizing the need for dynamic grid GHG emission intensity. When considered, cost-
optimal solutions favour larger systems that maximize total production. In contrast, emission-optimal solutions 
increase self-consumption via inclusion of battery systems. Curtailment due to export limitations reduces the cost 
and emission benefits of excess generation (from feed-in tariff payments and carbon credits), prompting a trend 
towards smaller PV installations with steeper panel tilts. Thus, the emission abatement potential of PV generation 
heavily depends on the option to export excess electricity production.
1. Introduction

1.1. Motivation

In alignment with the Paris Agreement, Switzerland aims to reach 
net-zero greenhouse gas (GHG) emissions by 2050 [1]. The emission 
reduction strategy includes increasing the penetration of variable re-
newable generation, mainly from solar photovoltaic (PV), while simul-
taneously phasing out nuclear power plants. As a result, increased de-
pendence on electricity imports is expected during winter [2].

Due to land constraints, new PV installations are expected to evolve 
primarily in the building sector. For instance, the Energy Perspectives 
for Switzerland exclusively consider the use of available rooftop and 
façade areas in their PV expansion projections to meet 34TWh [2], about 
half of the estimated potential from rooftop and façade PV systems [3]. 
In 2022, the majority of capacity was installed on residential buildings, 
followed by the industry, trade, and service sectors; less than 10% of 
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the capacity involved utility-scale systems (larger than 1MW) [4]. Con-
sequently, ensuring optimal economic and environmental benefits of 
building PV systems is essential in reaching decarbonization targets. 
The GHG emission intensity of grid electricity plays a crucial role for 
quantifying the GHG emissions abatement of PV stemming from self-
consumption and surplus generation. To this aim, the large hourly and 
seasonal fluctuations of the GHG emission intensity of the electric grid 
must be accounted for [5,6]. In particular, a reduction of GHG emissions-
intensive winter electricity imports would contribute significantly to 
the net-zero strategy [7]. As neighbouring countries also pursue decar-
bonization, Swiss electricity import patterns will be affected by coincid-
ing generation deficits in winter and surpluses in summer [8]. Moreover, 
large expansion of decentralized export from PV generation is expected 
to lead to curtailment of locally produced PV electricity due to local 
network constraints [9–11]. To reduce grid expansion costs, moder-
ate export limits have already been implemented in some regions. For 
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Table 1

Building level studies on optimal PV placement.

Source Main decision variables Objectives

Litjens et al. [15] rooftop PV tilt and azimuth self-consumption, revenue
Rowlands et al. [17] rooftop PV tilt and azimuth revenue
Brito et al. [16] rooftop and façade PV area (fixed orientation) payback time
Lovati et al. [18] rooftop and façade PV area (fixed orientation) net present value
Weniger et al. [21] rooftop PV tilt and azimuth self-sufficiency, cost
Azzoli et al. [23] rooftop PV tilt and azimuth curtailment
Matthis et al. [24] rooftop PV tilt and azimuth curtailment
Laveyne et al. [25] rooftop PV tilt and azimuth congestion, over-voltage
Waibel et al. [26] rooftop and façade PV area (fixed orientation) cost, emissions
instance, the German Renewable Energy act (EEG) has stipulated an ex-
port limit corresponding to 70% of rated DC power of the installed PV 
system [12]. Distribution system operators in Switzerland are proposing 
a similar approach. Due to ease of implementation, they propose placing 
fixed export limits of 70% for smaller, building system installations (30 
kVA or less) without compensation [13]. Moreover, static export limits 
are already common practice in Australia, where under certain condi-
tions, even a zero export limit can be imposed on PV system owners by 
the grid operators [14]. With increased PV shares, export constraints 
may become more prevalent in the future. If the locally produced elec-
tricity exceeds the export limit and cannot be stored or used locally, the 
electricity production must be reduced, i.e. curtailed. Consequently, cur-
tailment decreases the potential environmental and economic benefits 
of PV generation compared to the unconstrained case.

Both time-varying GHG emissions and curtailment influence cost and 
emission benefits of PV systems during operation. When considered in 
the design stage, these factors are expected to have a strong impact on 
the optimal PV system design. As a result, both time-resolved GHG emis-
sions and curtailment must be considered for guiding PV system design 
in terms of panel area, tilt, and azimuth, as well as the inclusion of a bat-
tery system, leading to trade-offs between economic and environmental 
considerations. This is especially relevant for PV systems in the build-
ing sector—both building-applied and building-integrated—due to the 
constraints of the low-voltage grid where higher rates of curtailment are 
expected.

1.2. Literature review

Most research on the optimal installation decisions for PV systems 
focuses either on economic aspects [15–18], the impact on the self-
sufficiency and self-consumption [15,19–22] or on curtailment [23–25]. 
However, the combined consideration of optimal PV area and orienta-
tion for time-dependent, i.e. dynamic, grid GHG emission intensities is 
limited. Table 1 provides a concise overview of studies addressing opti-
mal placement of building PV systems, together with the corresponding 
decision variables and objectives they considered. Detailed discussions 
of these studies follow below.

Litjens et al. and Rowlands et al. investigate the optimal PV place-
ment maximizing system revenues. While Litjens et al. observe large 
variations in the optimal PV orientation for different demand patterns 
and market prices in Germany and the Netherlands [15], the results 
from Rowlands et al. indicate that system designs with tilts less than lat-
itude and near south azimuths are optimal across all considered pricing 
regimes in Ontario, Canada [17]. In this context, Rowlands et al. high-
light the importance of further investigating the optimal PV orientation 
across different geographical locations with improved data availability, 
and derive general conclusions that can be used to support policy dis-
cussions on the implementation of larger PV capacities. Besides rooftop 
PV, Brito et al. also consider the installation of façade PV, demonstrating 
its potential to cover mid-day electricity demands in winter and morn-
ing/afternoon demands in summer at the cost of longer payback times 
compared to rooftop installations alone [16]. Moreover, Lovati et al. 
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find that installing PV modules on façades can be economically advan-
tageous due to better load matching in winter [18]. In particular, the 
inclusion of a battery storage can lead to a higher net present value 
(NPV) for the PV system, which is, however, often not large enough to 
offset battery costs. Conversely, Waibel et al. find façade PV beneficial 
from an environmental perspective but more cost-intensive than battery 
storage. However, their analysis did not consider embodied emissions, 
and roof PV installation angles were not optimized but fixed to coincide 
with the flat roof.

Furthermore, the impact of PV tilt and azimuth angles on self-
sufficiency has been analyzed, and Weniger et al. show that when a 
fixed-capacity battery is included, PV orientation has no major impact 
on the resulting self-sufficiency. Nevertheless, current favourable feed-in 
tariffs and high battery costs can lead to larger PV systems without bat-
teries as the cost-optimal solution, while in the long term (assuming both 
feed-in tariffs and cost of batteries decreases), smaller PV systems with 
battery and, therefore, increased self-consumption, become the lowest 
cost solution [21].

In addition, Azzolini et al. analyze the impact of the choice of PV 
orientation on their curtailment and demonstrate that over- or under-
tilting PV panels only has small impacts on their curtailment (<0.06%), 
and mostly depends on whether the load is dominant in summer or win-
ter [23]. Matthis et al. support this finding, indicating that especially in 
combination with battery storage capacities, curtailment reduces sig-
nificantly (<1%) [24]. Finally, the effect of PV panel orientation on 
congestion and voltage profile is analyzed. In this context, Laveyne et al. 
show that in local low-voltage grids, the highest curtailed energy occurs 
for tilts and orientations with the highest annual yield, where curtail-
ment is triggered to avoid over-voltages [25].

To the authors’ knowledge, little work has been performed consider-
ing the minimization of both emissions and costs, while optimizing PV 
placement (area, tilt, and orientation) and battery storage for a dynamic 
grid GHG emission intensity and export limitations.

1.3. This work

In this study, we develop a methodology to evaluate the cost- and 
emission-optimal placement of rooftop and façade PV systems consid-
ering dynamic grid GHG emissions intensities and export limitations. 
We employ a mixed-integer linear programming (MILP) model to de-
termine the optimal area, tilt, and azimuth of the PV systems, and the 
optimal storage capacity of the battery system. The input parameters 
of the optimization problem are time-varying grid GHG emissions, em-
bodied GHG emissions, local electricity prices and feed-in tariffs, and 
area-dependent PV costs, allowing us to assess the trade-offs between 
the optimal PV placement and battery storage. The approach is applied 
to a case study—a multi-storey, mixed-use building [27]—subject to dif-
ferent scenarios of grid GHG emission intensity and export limitation 
levels, which are implemented as caps on the system’s export capacity.

Section 2 outlines the methodology, case study, and scenarios, fol-
lowed by the presentation and discussion of results in Sec. 3. Section 4

summarizes the key findings.
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Fig. 1. Illustration of the methodology. An optimization problem is formulated and applied to the case study of the NEST building in Switzerland and the cost-
emissions Pareto front is examined for multiple scenarios.
2. Methods

Fig. 1 outlines the methodology, including the input data (technol-
ogy and case study parameters), the optimization problem, and the 
results. The optimization considers the costs and emissions associated 
with the technologies (PV systems and batteries) and the grid electricity 
as input data (see Sec. 2.1). The case study building provides constraints 
on the available installation area that can be exploited for capturing the 
solar resource, calculated for different panel tilts and orientations using 
weather station measurements [28] and the pvlib library [29]. Further 
details on the input data and the case study are provided in Sec. 2.1.1. 
Based on the input data, cost- and emission-optimal solutions are eval-
uated, and the corresponding installation decisions are assessed under 
different grid GHG emissions intensities and export limitation scenarios 
described in Sec. 2.3.

2.1. Optimization formulation

The environmental and economic assessment of the combined PV-
plus-storage installation is performed using a MILP optimization prob-
lem to determine the optimal system design and operation for the time 
horizon of one year. The optimization problem is formulated in Python 
using cvxpy 1.2.0 [30,31] and solved with Gurobi 9.5.1 [32]. The op-
timization model determines the optimal panel area and orientation 
(defined by tilt and azimuth angles) that meets the building demand 
for electricity, heating, and cooling. Both the total annual cost (capital 
and operational) and total annual GHG emissions (embodied and oper-
ational) are minimized. The bi-objective optimization problem is solved 
using the 𝜖-constraint method (see Sec. 2.1.4).

2.1.1. Input data and case study description

Case study overview We consider the NEST living lab, a grid-connected, 
mixed-used building located in Dübendorf near Zürich, Switzerland 
[27]. The building configuration present at the end of 2018 is assumed. 
Office space accounts for around 80% of the total floor area, with resi-
dential covering the remaining 20%. In this study, the geometry of the 
NEST building envelope is simplified by assuming perfectly perpendic-
ular façades throughout the entire height. Shading from surrounding 
trees or buildings is not considered, which may overestimate the PV 
generation potential, especially on façades.

Technology characteristics The model optimizes the design and opera-
tion of rooftop and façade PV panels and a battery. Other components 
such as an inverter are not modelled and could be included in future 
work. The input parameters that describe the modelled PV system and 
3

the battery system are reported in Tables 2 and 3, respectively. We 
assume that crystalline silicon (c-Si) technology is used for rooftop in-
stallations, whereas façade panels feature a thin film technology based 
on copper indium selenide (CIS) solar cells. The assumed efficiency 
and embodied emissions for each panel type are based on this tech-
nology choice. Moreover, a piecewise affine approximation with four 
segments was used to model the façade and rooftop PV costs based on 
data from the EnergieSchweiz Solarrechner [33] (see Appendix A.2 for 
a detailed description). Given the assumption that façade PV systems 
are building-integrated, the investment cost of BIPV is adjusted by the 
costs associated with competing conventional building envelope materi-
als that they replace. As a result, a unit cost of 250 CHF/m2 is deducted 
from the PV façade cost curves [34,35]. The annuity factors for PV 𝑎PV
and battery systems 𝑎BS are calculated assuming a discount rate of 6% 
and lifetimes of 30 and 10 years, respectively. Degradation effects are 
not considered.

PV area and angle limitations For the roof installation, the maximum 
area is estimated as 880 𝑚2 , which corresponds to 70% of the rooftop 
area [49]. For the façade, the maximum area is estimated as 350 𝑚2

per installation, which is equal to 50% of the available area. The re-
duced available area on the façades compared to the rooftop is due to 
the assumption that windows make up at least 30% of the façade surface 
[50]. For the flat rooftop considered here, the angles of the PV panels 
are defined in 5-degree steps for both the tilt (ranging from 0 to 45°) 
and the azimuth (ranging from 90 to 270°). For the façade, the angles 
are fixed to the available south, west, and east orientations, as depicted 
in Table 4. In the following, the sets  and  are used to describe the 
possible values of the tilt and azimuth angle, respectively.

Electricity imports and exports Both the price at which electricity is pur-
chased from the grid 𝑝purchase,𝑡 and the price at which PV-generated 
electricity is sold 𝑝FIT,𝑡 are based on the pricing scheme of the local elec-
tricity provider for the year 2021 [51] (see Appendix A.3). These prices 
are the end-consumer prices for businesses, and thus include network 
tariffs, taxes, and levies. In some scenarios, the electricity export capac-
ity is limited to a maximum value 𝑃Cap. For a description of the export 
capacity limitations, the reader is referred to section 2.3. The GHG emis-
sions of the electricity grid are obtained from Rüdisüli et al. [6] and are 
calculated using a marginal approach with an hourly resolution for the 
year 2018. To ensure consistency, the building electricity demands and 
weather data are chosen for the same year, as discussed in more detail 
below. For the no-nuclear GHG emissions sensitivity analysis scenario, 
the marginal emissions without the presence of nuclear energy within 
Switzerland are assumed (see Appendix B for more details).

Building energy demands The measured energy demands for electricity, 

heating, and cooling for the year 2018 are obtained from the NEST living 
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Table 2

Technology characteristics of the PV system. The assumed lifetime corresponds to the manufac-
turer performance guarantee.

Symbol PV system Reference

Capital cost of roof PV 𝐶PV_roof area-dependent (see Table A.2) [33–35]
Capital cost of façade PV 𝐶PV_facades,𝑘 area-dependent (see Table A.2) [33–35]
Efficiency rooftop 𝛼PV_roof ,𝑖,𝑗,𝑡 time- and angle-dependent -
Efficiency façade 𝛼PV_facades,𝑘,𝑡 time-dependent -
Nominal PV efficiency rooftop 𝛼PV_roof 0.2 [36]
Nominal PV efficiency façade 𝛼PV_facades 0.15 [36]
Heat transfer coefficient rooftop 𝑈c_roof 20 W/m2K [37]
Heat transfer coefficient façade 𝑈c_facades 15 W/m2K [37]
Absorption coefficient solar irradiance ß 0.9 [37]
Temperature coefficient rooftop 𝛾PV_roof 0.45%/◦C [38]
Temperature coefficient façade 𝛾PV_facades 0.36%/◦C [38]
Embodied emissions rooftop 𝑒PV_roof 8.3 kgGHG∕m2year [39], [40]
Embodied emissions façade 𝑒PV_facades 5.3 kgGHG∕m2year [39], [40]
Lifetime - 30 years [41,42]
Table 3

Technology characteristics of the battery system.

Symbol Battery system Reference

Unit capital cost 𝑐BS 740 CHF/kWh [43]
Charging efficiency 𝜂c 0.9 [43]
Discharging efficiency 𝜂d 0.9 [43]
Embodied emissions 𝑒BS 10.4 kgGHG/kWhyear [44]
Lifetime - 10 years [43]
Self discharge rate 𝜆L 10−4 h−1 [45,46]
Minimum SOC 𝑆𝑂𝐶min 0.1 [47,48]
Maximum SOC 𝑆𝑂𝐶max 0.9 [47,48]
Power to energy ratio - 1

4 h
[43]

Table 4

Technology parameters.

PV Roof PV East PV South PV West Battery system

Tilt, i (°) [0, 45] 90 90 90 -
Azimuth, j (°) [90, 270] 118 208 298 -
min. Size 0 m2 0 m2 0 m2 0 m2 0 kWh
max. Size 880 m2 350 m2 350 m2 350 m2 500 kWh

lab. Thermal demands for both heating and cooling are satisfied by a 
heat pump system. All energy demand data are preprocessed according 
to the procedure described in Appendix A.1 and aggregated as electricity 
demands. An overview of the considered building units, their relative 
floor areas and annual demands are included in Table A.1.

Rooftop PV: solar radiation and self-shading The solar irradiance is ob-
tained from measured data of the local Meteoswiss weather station [28]
for 2018. The measured irradiance data include the global horizontal ir-
radiance (GHI) and diffuse horizontal irradiance (DHI), while the direct 
normal irradiance (DNI) is estimated based on the sun’s position and 
the two measured irradiance components. Total in-plane irradiance for 
each considered panel tilt angle 𝑖 and azimuth angle 𝑗 is then calculated 
using the pvlib [29] tool, taking into account all three irradinance com-
ponents (GHI, DHI, and DNI) and the sun’s position. The Perez diffuse 
irradiance model for tilted surfaces is assumed [52,53]. The resulting 
matrix 𝐼PV_roof ,𝑖,𝑗,𝑡 includes the irradiance profiles for all combinations 
of tilt and azimuth angle that could be installed for the rooftop PV sys-
tem.

Additionally, inter-row spacing to minimize self-shading is consid-
ered when determining the maximum panel area for each tilt 𝑖 and 
azimuth angle 𝑗. The minimum row spacing is calculated based on sun’s 
position during winter solstice (21st December) between 10 am and 2 
pm. The panels are assumed to be arranged in a landscape configura-
tion, with a panel width of 1 meter. The maximum rooftop panel area 
𝐴PV_roof ,max,𝑖,𝑗 therefore depends on the selected tilt and azimuth angles. 
4

Specifically, with increasing tilt angles, the spacing between PV panels 
has to be increased to minimize inter-row shading. The ground cover-
age ratio (GCR) varies from 1 for the 0 degree tilt to 0.36 for a 45 degree 
tilt. In other words, the maximum rooftop panel area for panels at 45 
degree tilt is only 36% of that for a 0 degree tilt. As a result, a 0 degree 
panel tilt allows for the largest available installation area, resulting in a 
maximum electricity output across all seasons (see Fig. 2). While some 
self-shading may still occur, its effects are not considered in the opera-
tion of the system due to the limitations of the simple efficiency model 
used here.

Façade PV: solar radiation Similarly, the plane-of-array irradiance pro-
files for the three orientations 𝐼PV_facades,𝑘,𝑡 are calculated using the pvlib 
tool [29], where the façade orientation 𝑘 indicates whether the façade 
is south-facing, west-facing, or east-facing. The set  includes the three 
directions, and the tilt and azimuth angles are listed in Table 4.

PV efficiency The temperature of PV modules greatly impacts their 
efficiency [54], leading to a reduction in PV system generation po-
tential. To estimate the combined impact of ambient temperature and 
solar radiation on the solar cell temperature, several temperature mod-
els commonly used in industry and research were considered [55,56]. 
In this study, we employ the PVSyst temperature cell model [37], an 
empirical heat loss model, as implemented in the pvlib library [57]. 
A part of a widely used photovoltaic simulation software, this model 
was chosen due to the availability of proposed heat loss factors for dif-
ferent mounting modes of the modules that occur in the building sector: 
fully-insulated backside (representative of facade systems) and semi-
integration (representative of roof-mounted systems).

The calculations account for the differences in solar cell technologies 
(c-Si for the rooftop panels and CIS for the façade panels), the mounting 
mode (building-applied for rooftop panels and building-integrated for 
façade PV), and the plane-of-array irradiance that varies with PV ori-
entation. Hence, the resulting PV efficiency is separately calculated for 
each installation site.

The cell temperature 𝑇cell,𝑖,𝑗,𝑡 is calculated as:

𝑇cell,𝑖,𝑗,𝑡 = 𝑇amb,𝑡 +
1
𝑈c

(
𝛽𝐺inc,𝑖,𝑗,𝑡

)(
1 − 𝛼PV

)
(1)

where 𝑇amb,𝑡 is the ambient air temperature, 𝑈c is the heat transfer coef-
ficient for the respective mounting modes, 𝛽 is the absorption coefficient 
of solar irradiance, 𝐺inc,𝑖,𝑗,𝑡 is the global irradiance for a given azimuth 
and tilt angle, and 𝛼PV is the nominal PV efficiency for the correspond-
ing panel types. Thus, the time-dependent efficiency of the rooftop PV 
panels is calculated as [58]:

𝛼PV,𝑖,𝑗,𝑡 = 𝛼PV
(
1 + 𝛾PV(𝑇cell,𝑖,𝑗,𝑡 − 25)

)
(2)

where 𝛾 is the temperature coefficient for the specific type of panel and 

𝑖, 𝑗 are the tilt and azimuth angle combinations. Moreover, for each fa-
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Fig. 2. Irradiance and electricity output during the summer and winter half-year of 2018 for the case study location (Dübendorf, Switzerland). The incident irradiance 
is higher on surfaces with greater tilts (>30°) in the winter half-year (b), while the maximum total electricity production is highest at a zero degree tilt (d). This 
effect emerges due to the increased row-spacing between PV panels to minimize self-shading as the tilt of the panels increases. (For interpretation of the colours in 
the figure(s), the reader is referred to the web version of this article.)
cade orientation 𝑘 the time-dependent efficiency profiles 𝛼PV_facades,𝑘,𝑡
are determined using the information on façade orientation listed in Ta-
ble 4. System losses, such as soiling, shading, mismatch, wiring, and 
inverter losses are not explicitly considered in our model. A choice of 
conservative PV module efficiencies, however, ensures that the power 
output computed by the model would be comparable to other simple 
efficiency models that assume higher module efficiencies.

2.1.2. Decision variables

The decision variables of the MILP model include:

• the area of the PV panels on the roof 𝐴PV_roof and on the façades 
𝐴PV_facades,𝑘

• the capacity of the battery system 𝐸BS,rated
• the orientation of rooftop PV panels 𝑏𝑖,𝑗 with tilt angle 𝑖 and azimuth 

angle 𝑗
• the electricity production of the PV panels 𝑃PV_production,𝑡 at each 

timestep 𝑡 ∈  , comprising the electricity production from the 
rooftop panels 𝑃PV_production_roof ,𝑡 and from the façades
𝑃PV_production_facades,𝑘,𝑡

• the electricity curtailment of the PV panels 𝑃curtailed,𝑡 at each 
timestep 𝑡 ∈ 

• the battery charge 𝑃BS_in,𝑡 and discharge 𝑃BS_out,𝑡 at each timestep 
𝑡 ∈ 
5

• the electricity exported to the grid 𝑃grid_out,𝑡 at each timestep 𝑡 ∈ 
• the electricity imported from the grid 𝑃grid_in,𝑡 at each timestep 𝑡 ∈


All decision variables are defined as positive real numbers (ℝ+
0 ). 

Decision variables are values the MILP model optimizes for a given ob-
jective function whilst adhering to the dependencies included via the 
constraints.

2.1.3. Objective functions

The cost objective function 𝑓cost comprises the annualized capital 
investment costs 𝑓cap, as well as grid electricity imports 𝑓op_cost and ex-
ports 𝑓op_revenue for all time steps 𝑡 ∈  :

𝑓cost = 𝑓cap + 𝑓op_cost − 𝑓op_revenue (3)

with

𝑓𝑐𝑎𝑝 = 𝐶PV_roof𝑎PV +
∑

𝑘∈
𝐶PV_facades,𝑘𝑎PV +𝐸rated,BS𝑐BS𝑎BS (4a)

𝑓op_cost =
∑

𝑡∈
𝑝purchase,𝑡𝑃grid_in,𝑡 (4b)

𝑓op_revenue =
∑

𝑡∈
𝑝FIT,𝑡𝑃grid_out,𝑡 (4c)

where 𝐶PV_roof and 𝐶PV_facade,𝑘 describe the area-dependent invest-

ment costs for rooftop and façade PV installations, respectively, which 
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are determined using the piecewise-affine approximation described in 
Appendix A.2; 𝑐BS describes the unit investment costs of the battery 
systems, and 𝑝purchase,𝑡 and 𝑝FIT,𝑡 describe the electricity price and the 
feed-in tariff (FIT) at time step 𝑡, respectively. Thus, the financial ben-
efits from exporting electricity are included via the reimbursement of 
electricity exports, and the financial benefits from self-consumption are 
modelled via reduced electricity import costs. Operational and mainte-
nance costs (O&M) associated with the PV and battery systems are not 
considered.

The GHG emissions objective function 𝑓GHG comprises the embodied 
and operational GHG emissions, 𝑓GHG,embodied and 𝑓GHG,operation, respec-
tively. Electricity exported to the grid provides an emission benefit in 
the form of GHG emissions credits:

𝑓GHG = 𝑓GHG,embodied + 𝑓GHG,operation (5)

with

𝑓GHG,embodied=𝐴PV_roof 𝑒PV_roof +
∑

𝑘∈
𝐴PV_facades𝑒PV_facades+𝐸BS,rated 𝑒BS

(6a)

𝑓GHG,operation =
∑

𝑡∈
𝑚𝑡

(
𝑃grid_in,𝑡 − 𝑃grid_out,𝑡

)
(6b)

where 𝑒PV_roof and 𝑒PV_facades are the unit embodied GHG emissions of 
the rooftop and façade PV panels, respectively. Moreover, 𝑒BS is the 
unit embodied GHG emissions of the battery system, and 𝑚𝑡 is the GHG 
emission intensity of the electricity grid at an hourly resolution. We 
assume that electricity exports are rewarded with GHG emissions credit 
benefits, proportional to the marginal grid GHG emission intensity at the 
time of the export. Thus, environmental benefits from electricity exports 
are considered via GHG emissions credit benefits, and environmental 
benefits from self-consumption are considered via a reduction of the 
emissions associated with electricity imports.

In the operational GHG emission objective (Eq. (6b)), GHG emis-
sion benefits correspond to negative operational GHG emissions when 
electricity is exported to the grid, and serves to offset GHG emissions 
associated with the imports from the grid. In a simple case of constant 
GHG emissions (𝑚𝑡 = 𝐶), this objective would be negative over the full 
year if the total exports to the grid exceed total imports from the grid. 
However, when GHG emissions are dynamic, this is not necessarily the 
case and strongly depends on the relative GHG emission intensities dur-
ing import and export.

We apply the 𝜖-constraint method to solve the bi-objective opti-
mization problem and determine the cost-emissions Pareto front, which 
describes the set of non-dominated solutions [59]. First, we determine 
the cost-minimal solution 𝑓GHG,min and compute the resulting emissions 
𝑓𝐺𝐻𝐺,𝑚𝑎𝑥. Thereafter, we determine the emissions-minimal solution 
𝑓GHG,min. Next, we determine the cost-minimal solutions for six fixed 
emission values within the emissions interval 

[
𝑓GHG,min, 𝑓GHG,max

]
:

minimize 𝑓cost (7a)

subject to 𝑓GHG ≤ 𝑓GHG,min +
𝜖𝑖

6
(
𝑓GHG,max − 𝑓GHG,min

)
∀ 𝜖𝑖={0, ...,6}

(7b)

Note that the cost minimization is still subject to all other constraints 
introduced in section 2.1.4. The 𝜖-constraint method merely introduces 
an additional constraint.

2.1.4. Constraints

The energy balance ensures that the electricity demand is satisfied 
at every timestep:

𝑃demand,𝑡 = 𝑃PV_production,𝑡 − 𝑃BS_in,𝑡 + 𝑃BS_out,𝑡 + 𝑃grid_in,𝑡 − 𝑃grid_out,𝑡
(8)
6

− 𝑃curtailed,𝑡
Energy & Buildings 323 (2024) 114772

The battery storage can only be used to balance the electricity de-
mand of the case study building and cannot be used for grid arbitrage. 
Thus, the battery discharge and grid imports are limited by the demand 
at that time. Furthermore, the local electricity production from PV limits 
the combined battery charging power and grid exports:

𝑃BS_out,𝑡 + 𝑃grid_in,𝑡 ≤ 𝑃demand,𝑡 (9a)

𝑃BS_in,𝑡 + 𝑃grid_out,𝑡 ≤ 𝑃PV_production,𝑡 (9b)

In some scenarios, the export capacity is limited to a maximum ca-
pacity (for a description, see section 2.3):

𝑃grid_out,𝑡 ≤ 𝑃Cap (10)

This export limitation is an absolute value, i.e. the exports are limited 
to a certain peak power. An alternative way of modelling peak power 
limitations would be a relative export limitation, where the maximum 
exports must not exceed a certain fraction of the installed peak capacity. 
We consider an absolute limitation most suitable to assess the potential 
of using PV orientation to shift electricity production intra-daily and 
seasonally, since a relative definition of the export limit would penalize 
PV orientations that maximize the PV output. In other words, installa-
tions with a high specific yield (measured in kWh/kWp) would be more 
likely to have their energy curtailed under a relative export limit (i.e. 
relative to their kWp installed).

The overall electricity production from the PV panels at each time 
step is the sum of the production from the three façade orientations and 
the rooftop PV panel at this time step:

𝑃PV_production,𝑡 =
∑

𝑘∈
𝑃PV_production_facades,𝑘,𝑡 + 𝑃PV_production_roof ,𝑡 (11)

To ensure that only electricity produced from the PV panels can be 
curtailed, the curtailed electricity must not exceed the electricity pro-
duced from the PV panels at that time step:

𝑃curtailed,𝑡 ≤ 𝑃PV_production,𝑡 (12)

The electricity production from each PV façade orientation 𝑘 de-
pends on the efficiency profile 𝛼PV_facades,𝑘,𝑡, the selected panel area 
𝐴PV_facades,𝑘 and the irradiance profile 𝐼PV_facades,𝑘,𝑡. The PV panel area 
𝐴PV_facades,𝑘 is limited by the maximum PV-panel area 𝐴PV_facades,max,𝑘
(Eq. (13)):

𝑃PV_production_facades,𝑘,𝑡 =𝐴PV_facades,𝑘𝐼PV_facades,𝑘,𝑡𝛼PV_facades,𝑘,𝑡 (13a)

𝐴PV_facades,𝑘 ≤𝐴PV_facades,max,𝑘 (13b)

The electricity production from rooftop panels depends on the se-
lected tilt angle 𝑖 and azimuth angle 𝑗, and the corresponding irradi-
ance profile 𝐼PV_roof ,𝑖,𝑗,𝑡, efficiency 𝛼PV_roof ,𝑖,𝑗,𝑡, as well as the panel area 
𝐴PV_roof . The selection of the tilt and azimuth angle is modelled with the 
binary decision variable 𝑏𝑖,𝑗 and the auxiliary variable for the rooftop 
PV panel area 𝐴̃𝑖,𝑗 . If the PV panel with tilt angle 𝑖 and azimuth an-
gle 𝑗 is selected, 𝑏𝑖,𝑗 = 1 and the rooftop PV panel area is limited by 
the maximum PV panel area 𝐴̃𝑖,𝑗 ≤ 𝐴PV_roof ,max,𝑖,𝑗1. Otherwise 𝑏𝑖,𝑗 = 0
and consequently 𝐴̃𝑖,𝑗 =𝐴PV_roof ,max,𝑖,𝑗0 (Eqs. 14a–c). Finally, Eq. (14d)
ensures that only one combination is selected:

𝑃PV_production_roof ,𝑡 =
∑

𝑖∈

∑

𝑗∈
𝐴̃𝑖,𝑗𝐼PV_roof ,𝑖,𝑗,𝑡𝛼PV_roof ,𝑖,𝑗,𝑡 (14a)

0 ≤𝐴̃𝑖,𝑗 ≤𝐴PV_roof ,max,𝑖,𝑗𝑏𝑖,𝑗 (14b)

𝐴PV_roof =
∑

𝑖∈

∑

𝑗∈
𝐴̃𝑖,𝑗 (14c)

∑

𝑖∈

∑

𝑗∈
𝑏𝑖,𝑗 = 1 (14d)

The rated capacity of the battery storage 𝐸BS,rated is limited by the 

maximum rated battery storage capacity 𝐸BS,max . Equation (15a) de-
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Table 5

Overview of the five scenarios for grid emissions and export limitations.

Scenario name Description

S0: Base case PV installations and a Lithium-ion battery are deployable. Grid GHG emissions at an hourly resolution are based on a marginal 
approach [6]. PV installation area is limited by the building envelope as described in Table 4. All surplus electricity can be sold 
to the grid without export limitations.

S1: Constant grid GHG emissions Grid GHG emission intensity is set to the average annual value (i.e. no hourly or seasonal fluctuations).
S2: Export cap 50% The electricity export to the grid is limited to 50% of the peak electricity exports in the base case during all hours of operation. 

Electricity production exceeding the export limit that cannot be stored or used locally is curtailed.
S3: Export cap 25% The electricity export to the grid is limited to 25% of the peak electricity exports in the base case during all hours of operation. 

Electricity production exceeding the export limit that cannot be stored or used locally is curtailed.
S4: Export cap 0% The electricity export to the grid is limited to 0% of peak electricity exports in the base case during all hours of operation. 

Electricity production exceeding the export limit that cannot be stored or used locally is curtailed.
scribes that the electricity stored at the battery at each time step is the 
electricity stored at the previous time step plus any electricity that was 
charged minus any electricity that was discharged. The state of charge 
of the battery 𝑆𝑂𝐶𝑡 must be between the minimum and maximum al-
lowed value (Eq. (15b)). Moreover, the charging power 𝑃BS_in,𝑡 and the 
discharging power 𝑃BS_out,𝑡 are limited to a quarter of the rated battery 
capacity 𝐸BS,rated, i.e. the nominal battery capacity in kWh. The dura-
tion of one timestep is represented by Δ𝑡 =1 h:

𝐸𝐵𝑆,𝑟𝑎𝑡𝑒𝑑𝑆𝑂𝐶𝑡=(1 − 𝜆L)𝑆𝑂𝐶𝑡−1𝐸BS,rated+𝜂c𝑃BS_in,𝑡Δ𝑡−
1
𝜂d
𝑃BS_out,𝑡Δ𝑡

(15a)

𝑆𝑂𝐶min ≤ 𝑆𝑂𝐶𝑡 ≤ 𝑆𝑂𝐶max (15b)

𝑃BS_out,𝑡 ≤
1
4ℎ
𝐸BS,rated (15c)

𝑃BS_in,𝑡 ≤
1
4ℎ
𝐸BS,rated (15d)

2.2. Energy indicators

To better understand how generated PV electricity is consumed 
across different scenarios, we use two common energy indicators, 
namely, self-consumption and self-sufficiency. The self-consumption 
(SC) indicates how much of the electricity produced on-site is used to 
satisfy the electricity demand (Eq. (16)):

𝑆𝐶 =
∑
𝑡∈ (𝑃PV_production,𝑡 − 𝑃grid_out,𝑡 − 𝑃curtailed,𝑡)∑

𝑡∈ 𝑃PV_production,𝑡
100 (16)

Self-sufficiency (SS), on the other hand, indicates how much of the 
demand is satisfied by on-site electricity production (Eq. (17)):

𝑆𝑆 =
∑
𝑡∈ (𝑃demand,𝑡 − 𝑃grid_in,𝑡)∑

𝑡∈ 𝑃demand,𝑡
100 (17)

The seasonal effects can be analyzed by computing the SC and SS for 
different parts of the year (e.g. summer and winter half-years).

2.3. Scenarios

Several scenarios are analysed to assess how the results of the cost 
and emission optimization of the building PV system are influenced
by time-resolved grid emissions and export limitations. The scenarios 
are summarized in Table 5. We assume constant electricity export lim-
its throughout the year, which are defined as a fraction of the peak 
electricity exports to the grid in the base case scenario. Any electric-
ity production that exceeds the export limit and cannot be stored or 
used otherwise, must be curtailed. As a result, the potential economic 
and environmental benefits of exporting electricity to the grid reduce in 
scenarios where an export limit is applied. In reality, a static export lim-
itation is implemented by controlling the inverter power output based 
on site’s demand to achieve a desired static power output at the feed-in.

Moreover, a sensitivity analysis is included in Appendix B, which 
7

examines the role that price and emission assumptions has on our key 
results. Specifically, a high price scenario and a no-nuclear scenario for 
the grid GHG emission intensity are examined. Moreover, a scenario 
combining high prices, no-nuclear grid GHG emission intensity and no 
electricity exports is also investigated.

3. Results and discussion

3.1. Cost-emission Pareto fronts

The cost-emissions Pareto fronts for the five scenarios (described in 
Sec. 2.3) are presented in Fig. 3. Most Pareto points perform better both 
from a cost and an emission perspective than only purchasing electricity 
from the grid (black) to satisfy the electricity demand. Some minimum 
cost solutions approach zero, especially in cases where exports are not 
limited. This indicates that the revenue from sold electricity is close to 
the sum of the annualized investment costs and the electricity purchased 
from the grid. Assuming constant GHG grid emissions (yellow) leads to 
a Pareto front that collapses into one point, as the time at which elec-
tricity is exported is irrelevant from an emission perspective. Moreover, 
Fig. 3 shows that when ignoring the seasonal and hourly fluctuations of 
the GHG emission intensity of the electric grid, the average emissions 
per kWh electricity demand are significantly underestimated compared 
to the minimum cost solution of the base case (blue). In fact, the cost-
optimal solution underestimates the GHG emissions significantly when 
seasonal and hourly fluctuations of the electricity grid are not consid-
ered (base case vs constant grid GHG emissions). The constant grid GHG 
emissions scenario predicts GHG emissions of -30 gGHG/kWh and thus 
net negative GHG emissions, whereas the same scenario with dynamic 
grid GHG emissions suggests GHG emissions of 29 gGHG/kWh. Thus, 
our findings underline the importance of considering dynamic grid GHG 
emissions when assessing the emissions saving potential of PV and bat-
tery systems. The results are sensitive to the assumptions surrounding 
the embodied emissions of the technologies. Their impact should be ex-
amined in future work.

The export cap scenarios allow us to analyze how the optimal solu-
tion changes if the grid provider were to enforce constant contractual 
export limits known at the point of making an installation decision. The 
solutions in the scenarios where exports are limited (red, purple, and 
gray) have larger costs and emissions compared to the base case (blue). 
Export constraints lead to increasing costs at the emission-optimal point 
compared to simply purchasing electricity from the grid (black). This 
indicates that combined PV and battery systems might not always be 
financially beneficial compared to importing electricity from the grid, 
especially when they are designed and operated with emissions reduc-
tion in mind. However, even in the case where no exports are permitted 
(grey), all solutions yield emissions reductions compared to a scenario 
where all electricity is imported from the electricity grid, suggesting that 
installing a PV and battery system will typically result in environmental 

benefits regardless of the objective function.
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Fig. 3. Pareto fronts for the five considered scenarios: Most solutions improve both system costs and emissions compared to a scenario where the electricity is purely 
purchased from the grid (black marker). Costs and emissions are normalized by the total demand. For the constant grid GHG emissions case (orange marker) the 
Pareto front collapses into a single point since the minimum emission and cost point coincide.

Fig. 4. Sizing of technologies for each scenario at the minimum cost and emission points. Top: rooftop PV installation area with non-zero tilt indicated, ranging 
between 5 and 40 degrees. In cases of non-zero tilt, the azimuth is slightly shifted east (not shown). Middle: façade PV installations for different orientations. Bottom: 
Installed battery capacity.
3.2. System design

Fig. 4 illustrates the system design for the cost-optimal solution (left-
hand bar, hatched) and the minimum-emission solution (right-hand bar, 
solid) for the five scenarios S0-S4. The top panel illustrates the installed 
rooftop PV panel area and the related tilt angles. The middle panel 
shows the installed façade panel area by orientation. The bottom panel 
indicates the installed battery capacity in each scenario. The correspond-
ing installation area constraints for the rooftop and façade systems are 
shown in Table 4. Remarkably, without export limitations (S0-S1), PV 
installations maximize annual electricity production by fully utilizing 
8

the available rooftop area with a 0 degree tilt and maximizing the façade 
PV installations. These findings are robust to changes in price and grid 
GHG scenario assumptions, as detailed in Appendix B. Then, with in-
creasing tightness of the export constraints (S2-S4), increasing tilts are 
observed for both cost- and emission-optimal solutions. Additionally, a 
decrease in the overall installed façade area can be observed for increas-
ingly strict export limitations, while the battery capacities remain of a 
similar magnitude as in the base case. The results suggest that, as long 
as electricity exports are unconstrained, it is more beneficial to max-
imize the total electricity exports by maximizing the installation area 
rather than maximizing the plane-of-incidence radiation at the cost of 
losing the installation area by tilting the PV panels. Additional system 

design considerations, such as greater susceptibility to soiling for mod-
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ules with zero tilt, may eliminate this panel tilt option in the final design 
stage in favour of slightly higher tilts (e.g. 10 degrees) and/or east-west 
structures that maximize the active area of the PV modules [60].

The south-facing PV installation, which has the highest plane-of-
array irradiance of all the façades, is maximized for emission-optimal 
solutions unless electricity exports are not allowed (S4). Due to em-
bodied emissions, the south façade is no longer environmentally ben-
eficial at the minimum emission point due to high levels of curtailment 
throughout the year. However, it is still installed in the cost-optimal so-
lution for S4. The opposite case is observed for S3 with the south façade 
being installed in the emissions-optimal but not in the cost-optimal so-
lution, indicating that financial and environmental benefits of façade 
installations must not always coincide. The east façade PV installation 
is maximised at minimum cost and minimum emissions solutions for S0-
S2. The west façade, which has the lowest irradiance per m2 of all the 
façades, is only maximized in the minimum cost and emissions solutions 
for the base (S0) and the constant GHG emissions case (S1).

The installation of batteries further improves the GHG emissions 
footprint of the solutions by shifting electricity exports to hours with 
high grid GHG emissions intensities. At the minimum cost point, bat-
teries are not installed for any of the scenarios. Conversely, at the 
minimum emission point, batteries are installed except for the constant 
GHG emission case (S1), where shifting electricity exports in time does 
not yield environmental benefits. When exports are highly constrained 
(S3-S4), smaller PV installations on a south-facing façade or a rooftop 
installation with increased tilt are favoured. These installation decisions 
increase production in the winter half-year due to higher in-plane irra-
diance compared to flat rooftop systems, as shown in Fig. 2b. When the 
electricity sold to the grid is limited to 50% of the peak export in the 
base scenario (S2), the installed battery capacity increases by 1%, while 
having a 27% smaller PV installation due to no west-facing façade PV in-
stallations and a smaller rooftop PV system. Further limiting the allowed 
electricity exports has a relatively small effect on the installed battery 
capacities. For example, the installed battery capacity in the export cap 
25% scenario (S3) where PV capacity is 57% smaller, the battery ca-
pacity is only 1.5% smaller than in the base case (S0). This implies an 
increased importance of storage (and therefore, self-consumption) when 
export constraints are placed on surplus generation. Thus, our analy-
sis suggests that with increasingly tight export limitations, smaller PV 
systems with larger tilts, in combination with south-facing façade PV 
installations and batteries are optimal from an emissions-perspective.

3.3. GHG emissions abatement from self-consumption and exports

Fig. 5 visualizes the net GHG abatement (dark grey) for each 
scenario, which includes the GHG abatement due to electricity self-
consumption (light grey bars) and electricity exports (light brown bars), 
minus the systems embodied GHG emissions (red bars). For most sce-
narios, abatement from electricity exports (via GHG emissions credits) 
is greater than the abatement due to self-consumption (via a reduction 
of GHG emissions associated with electricity imports). The abatement 
from electricity exports is of a similar magnitude as the embodied 
emissions for scenarios with dynamic GHG emissions. However, our 
analysis suggests that by using constant grid GHG emissions, GHG emis-
sions abatement is overestimated by a factor of 2 in the cost-optimal 
case, where system designs are equivalent for S0 and S1. Without any 
export constraints, both cost- and emission-optimal solutions favour
large PV installations with high shares of surplus generation rela-
tive to self-consumption (see Fig. 4) and, thus, create environmental 
benefits via the export of excess electricity production. Thus, in the 
base case, the abatement from exports exceeds the abatement from 
increased self-consumption by a factor of 3.3 and 2.1 for the cost-
and emissions-optimal solution, respectively. However, in the scenarios 
with export limitations, the ability to generate environmental benefits 
via exports is increasingly limited. Thus, environmental benefits from 
9

self-consumption play a relatively larger role here. For example, for an 
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export cap of 25% (S3), the ratio from abatement from exports to abate-
ment from increased self-consumption drops to 1.3 and 0.87 for the cost-
and emissions-optimal solution, respectively. The higher share of self-
consumption is achieved through smaller installed PV systems, large 
batteries, and, for tighter export constraints, also increasingly tilted 
rooftop PV systems (see Fig. 4). Consequently, even though the over-
all GHG emissions abatement potential with a 0% export cap is much 
smaller at the minimum emission case compared to the base scenario, 
it presents the only case where GHG emissions abatement from self-
consumption exceeds the embodied GHG emissions of the installation, 
thus allowing for net carbon abatement also without GHG emission 
credits.

3.4. Self-sufficiency, self-consumption, and curtailed electricity

Fig. 6 shows self-consumption and self-sufficiency across scenar-
ios and curtailed electricity for the scenarios in which electricity ex-
ports are constrained, for both the summer and winter half-year. Self-
consumption is always higher at the minimum emission point due to 
the inclusion of a battery system. Export limits significantly increase 
the self-consumption rate, especially during the more GHG emissions-
intense winter half-year. However, while self-consumption increases 
with increasingly strict export limits, self-sufficiency does not increase, 
thus suggesting that export limitations might not necessarily foster self-
sufficient systems. For example, if electricity exports are completely 
prohibited (S4), self-consumption of the minimum cost solutions are far 
from 100% due to high curtailment levels of up to 28%. The trend to-
wards lower self-sufficiency with increasingly strict export limitations 
is due to lower generation from smaller PV installations. Smaller instal-
lations compensate for the loss of export benefits by reducing system-
embodied emissions. Generally, comparable or higher self-sufficiency 
values are observed at the minimum emission point in the winter half-
year when compared to the minimum cost point. There is a clear trend 
towards higher levels of curtailed electricity with tighter electricity ex-
port constraints, which are generally higher at the minimum cost point 
due to the lack of a battery.

4. Conclusion

In this study, we have devised a methodology to assess the optimal 
orientation and area of photovoltaic (PV) systems, along with determin-
ing the optimal capacity of battery storage at the building level consid-
ering cost and emissions objectives. Our approach considers dynamic 
grid GHG emission intensity data and the potential impact of export 
limitations on installation decisions. Additionally, the model takes into 
account area-dependent PV system cost estimation, temperature effects 
on PV efficiency, technology differences between rooftop and façade 
PV panels, and embodied GHG emissions of PV and battery systems. 
The environmental and financial benefits of exporting excess electricity 
production are considered via GHG emissions credits and financial re-
imbursement for exported electricity, respectively. The environmental 
and financial benefits from self-consumption are considered via reduced 
emissions and costs from importing electricity.

The methodology is applied to a mixed-use case study building un-
der different scenarios assessing how constant grid GHG emissions as-
sumptions and export limitations impact system design and operation, 
while minimizing both costs and emissions. The scenarios are assessed 
based on resulting installation decisions (i.e. PV area and placement, 
as well as battery capacity), their corresponding GHG emissions abate-
ment potential (from self-consumption and electricity exports), as well 
as utilization levels of PV generated electricity (self-consumption, self-
sufficiency, and, when relevant, curtailed electricity). Based on the case 
study results, we draw the following key conclusions:

• Assuming constant grid GHG emission intensity may significantly 

overestimate the environmental benefits of PV generation. For ex-
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Fig. 5. Scenario-dependent net greenhouse gas (GHG) emissions abatement are shown as the dark grey bars. The GHG emission abatement includes emission savings 
due to self-consumption (light gray bars) and electricity exports (light brown bars), but reduces due to the system’s embodied GHG emissions (red bars).

Fig. 6. Overview of self-consumption (top), self-sufficiency (middle) and curtailed electricity (bottom) for summer (Apr-Sept) and winter (Oct-Mar) half-years, on 
10

the right and left-hand side, respectively.
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ample, the cost-optimal solution without export limitations predicts 
net negative emissions of 30 GHG/kWh for constant grid GHG emis-
sions but positive emissions of 29 GHG/kWh when dynamic grid 
GHG emissions are considered. Consequently, the annual net GHG 
emissions abatement potential compared to importing electricity 
from the grid is overestimated by a factor of 2 when neglecting 
dynamic grid GHG emissions, although the corresponding installa-
tion decisions and embodied emissions are equivalent. Moreover, 
when neglecting dynamic grid GHG emissions, no battery system is 
installed in the cost- or emissions-optimal case, since there is no en-
vironmental benefit from shifting electricity exports in time due to 
the constant grid GHG emissions.

• When time-resolved grid GHG emissions are considered, large PV 
installations with high shares of excess electricity production ap-
pear beneficial from an environmental and economic perspective 
for a system with no export limitations (base scenario). A break-
down of environmental benefits reveals that excess electricity pro-
duction, which is exported and thus credited with emission off-
sets, is the main contributor to the building’s annual GHG emis-
sion abatement potential during operation. In the base scenario, 
GHG emissions abatement from exports is 3.3 times higher than 
GHG emission abatement from self-consumption at the cost-optimal 
point. At the emission-optimal point, the breakdown is more bal-
anced, but still in favour of exports by a factor of 2.1. Introducing 
export limitations shifts this ratio in favour of abatement due to self-
consumption, but also lowers overall GHG emissions abatement.

• Electricity export limitations reduce the environmental and finan-
cial benefits of excess electricity production, and favour small in-
stallations and increased panel tilt. Moreover, the battery capacity 
remains relatively constant despite the smaller PV panel area for 
increasingly tight export limitations. Thus, export limitations fos-
ter systems with high self-consumption. However, due to smaller 
PV systems and higher curtailment, export limitations do not fos-
ter self-sufficient system, with the self-sufficiency staying relatively 
constant or even decreasing for stricter export limitations. Self-
consumption and self-sufficiency tend to be slightly higher for 
emissions-optimal solutions compared to cost-optimal solutions, 
with curtailment being reduced significantly due to battery stor-
age.

• None of the cost-optimal solutions include a battery system. Instead, 
for tighter electricity export limits, tilted rooftop and/or vertical 
façade PV systems are observed, which lead to a shift in the times 
of electricity production. This suggests that further improvements 
in battery lifetimes and costs are needed to make such investments 
profitable for consumers. Moreover, this finding emphasizes that 
when export limitations become more common in the future, con-
sumers should consider installing smaller tilted rooftop and/or ver-
tical façade PV panels for economic reasons.

• Our analysis identifies trade-offs between minimum-emission and 
minimum-cost system designs. Minimum-emission designs increase 
self-consumption via the installation of batteries. Aside from ad-
dition of batteries, PV system design appears unaffected between 
cost- and emission-optimal solutions for the base, constant GHG 
emissions, and the 50% export cap scenarios (S0-S2); under tighter 
export limits (S3-S4), PV system designs feature different combi-
nations of tilted rooftop and vertical south-facing façade, while 
maintaining similar installation areas. Cost-optimal designs, on the 
other hand, favour PV systems without additional storage relying 
instead on profitable electricity exports.

Our results emphasize the significance of factoring in high-resolution 
grid GHG emission intensity, export constraints, and angle-dependent 
PV generation in system design. This approach allows for a more ac-
curate evaluation of the economic and environmental benefits of PV 
systems during operation, and the impact they have on optimal system 
11

design. The trade-offs between cost-effective and emissions-reducing 
Energy & Buildings 323 (2024) 114772

solutions highlight the necessity of aligning these aspects to support de-
carbonization goals. While the case study’s results are specific to the 
site, our methodology is adaptable to broader applications.
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Appendix A. Input data

A.1. Data pre-processing

All electricity, heating and cooling demand data is obtained from the 
NEST building in Dübendorf for the year 2018 with a 15 minute time res-
olution. Preprocessing is performed to remove faulty data points and fill 
in the missing values. For both thermal and electricity demand measure-
ments, outliers were identified and removed. Then, missing data points 
are filled in based on experience values for electricity and based on am-
bient temperature correlations for thermal demand data. Specifically, 
missing electricity data from 2018 is filled in by shifting values from 
2019, while the corresponding heating and cooling demand data were 
supplemented by correlating ambient temperature to thermal demands. 
Afterwards, all data points are resampled to an hourly time resolution. 

Finally, the thermal data is converted to electricity demands using a 

https://doi.org/10.5281/zenodo.10374622
https://doi.org/10.5281/zenodo.10374622
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Table A.1

NEST Configuration in the Case Study.

Unit Type Floor area Heating Thermal demand Electricity demand Total demand
𝑚2 kWh/year kWh/year kWh/year

Backbone Office 1’500 HP 32’825 86’989 119’814
Solace Office 103 HP 2’205 1’600 3’805
sfw Office 197 HP 4’176 9’023 13’199
UMAR Residential 155 HP 3’314 1’893 5’207
vw Residential 130 HP 2’248 3’297 5’545

Table A.2

Piecewise Affine Approximation of PV costs. [33], [34], [35].

Installation Parameter Units Segment 1 Segment 2 Segment 3 Segment 4

Both 𝐴min,𝑙 ,𝐴min,𝑚 m2 0 11 53 105
Both 𝐴max,𝑙 ,𝐴min,𝑚 m2 11 53 105 -
Rooftop 𝑎𝑙 CHF/m2 675.45 294.76 190.77 123.19
Rooftop 𝑏𝑙 CHF 0 4’187.6 9’699.2 16’795.1
Façade 𝑎𝑚 CHF/m2 837.27 263.57 93.08 24.58
Façade 𝑏𝑚 CHF 0 6’310.7 15’346.9 22’538.9

Table A.3

Electricity Pricing Scheme.

Base scenario High price scenario

Time period Tariff Import price Export price Import price Export price
Rp/kWh Rp/kWh Rp/kWh Rp/kWh

01.10.-31.03. High 12.56 8.0 27.05 16.0
01.10.-31.03. Low 11.06 8.0 25.65 16.0
01.04.-30.09. High 11.96 8.0 26.55 16.0
01.04.-30.09. Low 10.56 8.0 25.15 16.0
constant coefficient of performance (COP) of 4.0 for heating and 3.0 for 
cooling demands.

Table A.1 provides an overview of the considered building units, 
their relative floor areas and annual demands. The office units have a 
two times higher specific annual electricity consumption (i.e. per m2). 
However, electricity needs to satisfy thermal demands are higher for 
residential units, mainly due to higher hot water usage.

A.2. PV system cost

The rooftop and façade PV system costs are based on the data from 
EnergieSchweiz Solarrechner [33], and are modelled by a piecewise 
affine approximation with four segments, as shown in Table A.2. The 
same segment lengths are used for rooftop and façade PV, i.e. 𝐴min,𝑙 =
𝐴min,𝑚 and 𝐴max,𝑙 =𝐴max,𝑚.

The rooftop investment costs 𝐶PV_roof and the façade investment 
costs 𝐶PV_facades,𝑘 are thus calculated as a function of the area of the 
PV panels on the roof 𝐴PV_roof and on each façade 𝐴PV_facades,𝑘:

𝐶PV_roof =
4∑

𝑙=1

(
𝑎𝑙𝐴PV_roof + 𝑏𝑙

)
𝑦𝑙 (A.1a)

𝐶PV_facades,𝑘 =
4∑

𝑚=1

(
𝑎𝑚𝐴PV_facades,𝑘 + 𝑏𝑚

)
𝑦𝑚,𝑘 ∀𝑘 ∈ (A.1b)

For example, a 10 m2 rooftop PV system (Segment 1), with the as-
sumed capacity of 200Wp/m2 will have a specific system cost of 675 
CHF/m2 or 3.38 CHF/Wp. On the other hand, a 110 m2 rooftop PV sys-
tem (Segment 4), will have a specific system cost of 275 CHF/m2 or 1.38 
CHF/Wp (nearly 2.5 lower).

The binary variables 𝑦𝑙 and 𝑦𝑚,𝑘 ensure that the correct segment is 
selected:

4∑( ) 4∑( )
12

𝑙=1
𝑦𝑙𝐴min,𝑙 ≤𝐴PV_roof ≤

𝑙=1
𝑦𝑙𝐴max,𝑙 (A.2a)
4∑

𝑚=1

(
𝑦𝑚,𝑘𝐴min,𝑚

)
≤𝐴PV_facades,𝑘 ≤

4∑

𝑚=1

(
𝑦𝑚,𝑘𝐴max,𝑚

)
∀𝑘 ∈ (A.2b)

Moreover, at most one segment can be selected:

4∑

𝑙=1
𝑦𝑙 ≤ 1 (A.3a)

4∑

𝑚=1
𝑦𝑚,𝑘 ≤ 1 ∀𝑘 ∈ (A.3b)

A.3. Electricity prices

The following Table A.3 presents the assumed electricity prices. The 
import prices are the end-user prices for businesses, which include costs 
for network tariffs, taxes, and levies [51]. The prices depend on the 
time-of-use, and are higher throughout the day (“high tariff”) and lower 
throughout the night (“low tariff”). Moreover, electricity that is ex-
ported is remunerated with the export tariff (FIT), which is also listed 
in Table A.3. The results in the main body of the manuscript are based 
on the base scenario price assumptions. In a sensitivity analysis, a high 
price scenario is examined, and Table A.3 shows the price assumptions. 
The high price scenario corresponds to 2024 prices and FIT values.

Appendix B. Sensitivity analysis

B.1. Scenarios

The scenarios that are included in the sensitivity analysis are de-
scribed in Table B.1.

B.2. Pareto front

Fig. B.1 visualizes the Pareto fronts for the base scenario S0, the 

no export scenario S4, and the sensitivity scenarios S5-S7, described in 
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Table B.1

Overview of the two scenarios that are included in the sensitivity analysis.

Scenario name Description

S5: High Price Same assumptions as for the base case but with import and export prices from 2024, which are significantly higher. The assumed 
prices are detailed in appendix A.3.

S6: No Nuclear Same assumptions as for the base case but grid GHG emission intensity uses the marginal emissions by [6] without the presence 
of nuclear power.

S7: High price, no nuclear, export cap 0 Combination of the high-price scenario, the no-nuclear GHG emission intensity, and without system exports.

Fig. B.1. Cost-emission Pareto fronts for the sensitivity scenarios S5-S7 in comparison to the base scenario S0 and the no-exports scenario S4. Moreover, the system 
performance for electricity imports from the grid is illustrated for the price and emissions assumptions of the base case.

Fig. B.2. Sizing of technologies for the sensitivity scenarios S5-S7 at the minimum cost and emission points in comparison to the base scenario S0 and the no-export 
scenario S4. Top: rooftop PV installation area with non-zero tilt indicated. Middle: façade PV installations for different orientations. Bottom: Installed battery capacity.
Sec. Appendix B.1. In the high price scenario, where import and ex-
port prices from 2024 are considered, GHG emission values remain the 
same, while costs are reduced by about 0.08 CHF/kWh. With the excep-
13

tion of the minimum-emission solution, revenues (negative costs) are 
generated due to the increased profitability of exports due to the dou-
bling of the feed-in tariff. In scenario S6, where nuclear power is not 
present in the mix of the electricity grid, GHG emission values increase 

by a factor of 1.9-2.4 compared to the base scenario S0. Furthermore, 
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the minimum-cost values of scenarios S0 and S6 coincide. However, as 
GHG emissions reduce, costs increase between 2%-10% compared to the 
base scenario S0. When considering high prices, the no-nuclear GHG 
emission intensity, and no permitted exports (S7), a significant increase 
in both costs and emissions is visible for all solutions of the Pareto front. 
This suggests that export limitations increase the effect of higher prices 
and emissions, since no economic or environmental benefits in form of 
financial reimbursement and GHG emissions credits can be collected via 
exports.

B.3. System design

Fig. 4 illustrates the system design for the cost-optimal solution (left-
hand bar, hatched) and the minimum-emission solution (right-hand bar, 
solid) for the base scenario S0 and the no-export scenario S4, and the 
sensitivity scenarios S5-S7. The system design in scenarios S0 and S5 
is identical. However, the higher export prices in scenario S5 result in 
lower system cost due to the increased profitability of exports (Fig. B.1). 
Furthermore, we observe identical system designs for the minimum-
cost solutions of base scenario S0 and scenario S6. However, due to the 
phaseout of nuclear power plants, grid GHG emissions are higher in sce-
nario S6 compared to scenario S5. To reduce grid imports and reduce 
GHG emissions, scenario S6, therefore, installs larger battery storage in 
the minimum-emission solution (+13% compared to S0). While this in-
crease in battery storage capacity yields lower GHG emissions, system 
cost increases by 10% compared to the base scenario S0. A comparison 
of scenarios S4 and S7 reveals that due to the higher GHG emission inten-
sity, a larger battery is installed in the emission-optimal case. This can be 
explained by a higher emissions intensity of electricity imports making 
self-consumption more preferable. In the cost-optimal solution, the east-
facing façade system becomes cost-efficient due to the higher import 
prices, thus resulting in a larger overall installed PV system (Fig. B.2).
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