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Abstract

The decarbonisation of commercial buildings presents one of Europe’s most pressing
energy transition challenges. Retail stores, operating continuously and consuming
energy intensively, occupy a unique position at the intersection of building flexibility,
on-site renewable generation, and transport electrification. Realising this potential
demands coordinated operational strategies that jointly optimise distributed assets
against volatile electricity markets, capacity-based grid tariffs, and the emerging
opportunity of energy sharing in local energy communities (LECs). This thesis
develops and applies a Mixed-Integer Linear Programming model to evaluate the
techno-economic and environmental performance of integrated flexibility solutions
at a two-building retail LEC case study site in Sweden. The model optimises the
cost-optimal dispatch of solar photovoltaic (PV) generation, battery energy storage
systems (BESS), ground-source heat pump (GSHP) thermal supply, and electric
vehicle (EV) charging covering direct, smart, and vehicle-to-grid modes, over a
three-year simulation period across 34 scenarios of progressive technology integration,
evaluated against energy, financial, and environmental key performance indicators.
Results identify a cost-efficient PV and BESS configuration at the 500 kWp solar
production tax threshold that simultaneously maximises self-consumption. GSHP
integration proves to be the most impactful single addition, reducing total energy
cost by 14%, avoiding 66.7% of baseline CO5 emissions, and yielding an net present
value of 3.2 MSEK with a payback period of approximately 9.6 years. The full
two-building LEC configuration (S-24) extends this through community-level energy
sharing, reaching annual savings of 1.25 MSEK. EV charging adds net electricity
cost under all modes, though smart and vehicle-to-grid modes limit this significantly
compared to uncontrolled direct charging, which reduces annual savings by up to 23%.
Sensitivity analysis identifies spot price level and volatility as the dominant drivers
of economic performance, followed by GSHP coefficient of performance. This work
addresses a clear gap in the existing literature by providing the first techno-economic
optimisation of a retail LEC under Swedish market conditions with simultaneous
integration of PV, BESS, GSHP, and three modes of EV flexibility. A two-horizon
investment strategy is proposed: immediate deployment of PV, BESS, and GSHP at
single-store scale, with full LEC formalisation deferred pending regulatory clarification
of energy-sharing arrangements.

Keywords: local energy community, mixed-integer linear programming, energy
flexibility, battery energy storage system, vehicle-to-grid, solar photovoltaic, ground-
source heat pump, retail stores
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1

Introduction

The decarbonisation of commercial buildings has emerged as a central challenge in
Europe’s energy transition. Retail stores, operating continuously, consuming en-
ergy intensively, and increasingly equipped with solar photovoltaic (PV) generation,
battery energy storage systems (BESS), and electric vehicle (EV) charging infrastruc-
ture, are uniquely positioned at the intersection of building flexibility, distributed
generation, and transport electrification. Yet realising this potential requires more
than installing individual technologies: it demands integrated operational strategies
that coordinate these assets against volatile electricity markets, rising capacity tariffs,
and the emerging opportunity of energy sharing between neighbouring buildings.
This thesis investigates exactly that challenge, through the lens of a real retail case
study in Sweden.

1.1 Context & Background

The services sector accounts for a substantial and growing share of final electricity
consumption in Sweden, as illustrated in Figure 1.1, with retail representing one of
its most energy-intensive subsectors.

Electricity Final Consumption by Sector in Sweden [TJ]
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Figure 1.1: Final electricity consumption in Sweden by sector, 2019-2023 [1].



1. Introduction

Retail stores are among the most energy-intensive segments of the commercial
building stock, with European food retail typically consuming 330430 kWh/m?/yr
and non-food retail 130-180 kWh/m?/yr [2]. Their high energy demand is driven by
a few dominant end uses: in food retail, refrigeration accounts for approximately
40% of total electricity consumption, with lighting contributing 12-20% and heating,
ventilation and air conditioning (HVAC) making up the remainder. In non-food
retail, HVAC and lighting dominate at roughly 50% and 30% respectively [2].

This flexibility potential in commercial buildings has received growing attention as
electricity systems become more variable with the expansion of renewable generation.
Energy flexibility in buildings is commonly defined as their capability to adjust
electricity demand and on-site generation over time in response to external signals
(such as prices or grid constraints) mainly by shifting loads, shaving peaks, and
better aligning local renewable production and consumption without interfering with
the activity of occupants [3, 4]. In commercial and retail buildings, this flexibility
is typically provided by controllable end-uses such as HVAC systems, refrigerated
display cases, and on-site thermal or electrical storage [5, 6]. This role of buildings
as flexible resources is increasingly reflected in European policy through the revision
of the Energy Performance of Buildings Directive and the Smart Readiness Indicator,
which emphasise demand-side flexibility, smart controls, and storage in non-residential
buildings [7].

Beyond operational measures, stationary battery energy storage systems (BESS) are
increasingly deployed behind the meter in commercial and retail buildings to reduce
contracted peak demand charges, perform electricity price arbitrage, and increase
on-site PV self-consumption (SC) [8, 9]. Techno-economic analyses for Northern
Europe demonstrate that when BESS dispatch is optimally scheduled within an
energy management system (EMS), storage can substantially enhance building energy
flexibility and deliver noticeable reductions in electricity costs under capacity-based
tariffs. Simulations of a Swedish commercial facility, for instance, showed that a Li-ion
BESS reduced annual demand charges by approximately 40%), saving ~47 kSEK /year
relative to the baseline, with peak shaving delivering roughly five times more savings
than increased SC [9]. Similarly, for Belgian low-voltage enterprises, modelled peak
reductions ranged from 6-27% with a moderately sized battery up to 20-44% with a
larger system, with several users exceeding the economic profitability threshold under
current capacity tariffs [10]. More broadly, EMS-optimized battery dispatch has
been shown to reduce daily average peak demand by 18-38% depending on the tariff
structure, a significant lever given that peak demand charges can represent up to 30%
of total electricity costs despite being applicable to less than 1% of total operational
hours [11]. Nevertheless, high upfront capital expenditure, complex tariff and tax
structures, and battery degradation make the business case highly sensitive to system
sizing and operational strategy, underscoring the need for careful techno-economic
design in retail building BESS deployments [9-11].

A complementary source of flexibility comes from the electrification of transport.
vehicle-to-grid (V2G) refers to bidirectional charging in which EVs can both draw
power from and supply power back to buildings or the grid, so that their batteries
function as controllable, mobile storage providing demand-response and other grid
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services [12]. Most operational V2G projects to date are concentrated in fleet depots
and residential or office buildings, where vehicles are parked for long periods and
can be aggregated as a flexible resource [12-14]. Shopping centres and retail parking
lots have been highlighted as attractive locations for public charging and potential
future V2G services, yet current studies still focus far more on fleets and residential
contexts, making large retail car parks a particularly promising but underexplored
setting for EV based flexibility [13, 15].

The flexibility technologies discussed above are not limited to single-building appli-
cations. When multiple buildings, prosumers, and distributed energy resources in
geographical proximity coordinate their production, consumption, and storage, they
form a local energy community (LEC). Broadly speaking, an LEC is a collective
of households, businesses, or public authorities that jointly produce, share, store,
and manage energy, primarily from renewable sources, with the goal of delivering
environmental, economic, and social benefits to members [16, 17]. The European
Parliament’s Clean Energy for All Europeans Package introduced two legal frame-
works for such entities: Renewable Energy Communities under the revised Renewable
Energy Directive [18], which focus on renewable energy and require proximity to the
community’s assets; and Citizen Energy Communities under the Internal Electricity
Market Directive [19], limited to the electricity sector without geographic restrictions
[16, 20]. From a technical standpoint, LECs benefit from the complementarity of
members’ load profiles: the non-simultaneity of energy needs across different building
types increases the capacity factor of shared assets and reduces peak grid consump-
tion, with empirical evidence suggesting cost reductions of up to 26% compared to
business-as-usual and up to 46% relative to individual prosumers acting alone [20,
21]. In Sweden, electricity sharing between neighbouring properties was formally
authorised from January 2022 onwards [20, 22], yet the academic literature remains
heavily focused on residential contexts, with large commercial prosumers receiving
little attention as potential anchors for LEC formation [22, 23].

The extent to which a retail operator can capture value from flexibility through BESS,
V2G, and demand-side management' (DSM) depends critically on the structure
of the local electricity market. Sweden is part of the Nord Pool power exchange,
where day-ahead electricity prices are calculated for four bidding zones (SE1-SE4)
to account for regional transmission constraints between northern production and
southern consumption [24]. Prices vary sharply across zones and over time, with the
SE3 zone (where this study’s case study is located) exposed to both low-price periods
during high renewable generation and significant price spikes [25]. The Single Day-
Ahead Coupling adopted 15-minute resolution for official prices by late September
2025, enabling finer-grained price signals that better reward demand-side flexibility
[26]. Retail customers can choose hourly or variable contracts that pass through Nord
Pool’s zonal day-ahead spot prices plus a small supplier margin, directly incentivising
demand-side flexibility [27]. This market exposure was expected to be reinforced
structurally from 1 January 2027 through the planned introduction of mandatory

Demand-side management refers to strategies that encourage electricity consumers to adjust
their consumption in response to market price signals. For example, reducing or shifting loads away
from peak-price periods and increasing consumption when prices are low.
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power tariffs, although the timing and final design remain uncertain [28]. Taken
together, these features make Sweden a relevant context for investigating how retail
stores can leverage local generation, BESS, and V2G to reduce both emissions and
operational energy costs.

1.2 Aim and Objectives

This thesis aims to evaluate the techno-economic and environmental performance of
integrated energy flexibility solutions; comprising solar PV, BESS, ground-source
heat pumps (GSHP), and EV charging, within a two-building LEC at a retail case
study site in Sweden, using a cost-optimal mixed-integer linear programming (MILP)
model.

The research pursues five progressive objectives:

1. Establish an empirical baseline by processing metered electrical and thermal
load data for both buildings and validating a cost-reconciliation model against
historical energy bills for 2023-2025.

2. Develop a MILP-based energy management model of increasing complexity
across three nested system levels: building-internal resources (S1: solar PV,
BESS, and GSHP at the main store), mobile flexibility (S2: EV charging with
direct, smart, and V2G-capable modes), and shared community operation
(S3: two-building LEC with pooled generation, storage, and EV flexibility),
optimising joint dispatch against the full Swedish electricity cost stack on a
24-hour rolling horizon.

3. Assess the incremental techno-economic value of each technology layer (from
solar-only to full LEC operation with V2G), evaluated across economic, self-
sufficiency (SS), and environmental performance metrics.

4. Quantify the effect of LEC formation on collective grid costs and peak demand
by comparing isolated single-building operation against coordinated community-
level dispatch of generation, storage, and EV flexibility across participating
buildings.

5. Evaluate the economic and environmental trade-offs of replacing the existing
district heating (DH) supply with a GSHP, including sensitivity analysis across
electricity tariffs, spot price level and volatility, and GSHP coefficient of
performance (COP).

1.3 Research Gap

The literature on LECs and building-level energy optimization is predominantly
anchored in residential settings. Of the 30 studies reviewed, 7 address exclusively
residential contexts, and while 18 include commercial buildings in some form, only
7 treat commercial settings as the primary focus, with none of these specifically
addressing large-format retail environments. Studies that do include commercial
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1. Introduction

buildings typically do so as one member type within a broader mixed-use community
alongside households. The distinct load profile of large retail stores (dominated by
refrigeration, HVAC systems, and parking lot EV infrastructure) is therefore absent
from the existing literature, representing a clear domain-specific gap.

While solar PV is the most ubiquitous resource in the reviewed literature, appearing
in 26 of 30 studies, BESS and V2G receive far less attention, featured in 15 and 3
studies respectively. Only two works simultaneously consider the full PV—BESS-
~V2G combination [29, 30], and the V2G studies that touch on commercial settings
apply it within mixed residential-commercial communities rather than retail-specific
contexts [29, 31]. Several studies evaluate smart charging (V1G) or demand response
as proxies for flexibility [30, 32, 33], but these fall short of the bidirectional grid
interaction that V2G enables. The joint integration of stationary storage and vehicle-
based flexibility within a cost-optimization framework for commercial energy systems
therefore remains largely unexplored.

From a methodological standpoint, 12 of the 30 reviewed studies rely solely on
simulation approaches, including dynamic building energy simulation (DBES), quasi-
static time-series simulation (QSTS), and rule-based dispatch models (RB) [32, 34-43],
without a formal optimization component. While the 18 optimization-based studies
employ methods ranging from linear programming (LP) and MILP to mixed-integer
non-linear programming (MINLP) and evolutionary algorithms, only one combines
optimization with a detailed simulation model [44], limiting the cross-validation of
results.

Geographically, 19 of the 30 studies are situated in Southern Europe (Italy, Spain,
Portugal), regions characterized by high solar irradiance and specific regulatory
frameworks. The Nordic context, with its low-carbon electricity mix, spot-price
exposure, and demand-shaping incentives, is represented by only five studies [29, 39,
44-46], none of which address retail settings.

Table 1.1 summarizes the reviewed literature across these dimensions discussed above,
highlighting the collective absence of studies that simultaneously target a commercial
retail setting, integrate PV, BESS, and V2G within a formal optimisation framework,
and operate under Nordic electricity market conditions, which is what this work aims
to cover.

While the gaps identified above concern the electrical flexibility and LEC dimensions
of retail energy systems, the thermal supply side remains similarly unaddressed in
the reviewed literature. Although one study [47] in the review examines geothermal
heat supply in a commercial context, it does so through simulation rather than
optimisation, and none of the optimisation-based studies incorporate thermal supply
switching as a decision dimension. No study therefore evaluates the replacement of DH
with a GSHP within a formal cost-optimisation framework for a retail setting. This
thesis addresses the GSHP question as a complementary and parallel investigation,
modelled as a building-internal asset at the main store, independent of the shared
LEC dispatch.



1. Introduction

Table 1.1: Coverage

of core research dimensions across reviewed LEC studies.
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=]
34] [2015] IT X | x X | X DBES Evaluate primary energy savings, avoided carbon emissions and PBP of using MCHP vs baseline
48] [2017| CH | x X | x X MILP X x | Minimize annualized life-cycle costs and life-cycle GHG emissions
49] 12017 IT | x | x x | x X BILP X Minimize net exported energy
35] (2018 ES X | x| x X | x| x DBES Quantify energy, environmental and economic benefits of a MCHP compared to baseline
32] [2020] IT | x x| x X RB Demonstrate that combining smart metering with VIG increases SC and economic benefits
50] [2021] FR | x X X | x| x NLP X Minimize total energy exchanged with grid; minimize standard deviation of ramp rates; maximize NPV over 30 years
36] (2021 IT | x x | x X DBES Quantify the energy-sharing benefit of a LEC vs individual buildings
47] [2021] IT x| x| x|x X QSTS Quantify primary energy consumption and carbon emissions avoided of grid based system vs geothermal system
51] 12021 PT | x X X X LP X Minimize total system cost
37) [2022] IT | x X | x X | X QSTS Benchmark SC, carbon emissions and OPEX among regulatory scenarios
33] [2022] IT | x | x x| x X | x LP/MILP X | x| x x | Minimize total energy costs; maximize minimum relative profit increase
52] 12022 IT | x | x x| x| x X | X MIQP/MILP 3 x | x | x |MIQP: minimize total cost and GHG emissions; MILP: minimize electricity cost from the grid
38] [2022| AT | x X X RB Assess economic viability and allocation mechanisms of REC; validates a simple estimation tool
39] 12022 SE | x X ABM Evaluate energy and economic performance across four PV scenarios, under present and future climate conditions
40] 12022 IT | x | x X X DBES Assess SC, grid imports, carbon emissions and NPV over 21 pre-defined scenarios
42] 12023 IT | x X X | x QSTS Evaluate SC, SS, energy savings, carbon emissions and costs among system configurations
53] |2023| CH| x | x x| x| x X | X | x MILP X X Minimize total cost and carbon emissions
41] |2023] ES | x | x X X | x| x QSTS Maximize SS and SC through scenario comparison
31] (2023| PT | x X x | x X MILP x | x | x | x |Minimize total aggregator energy balance cost
29] 12024 DK | x | x | x X x | x LP X x | Minimize total net electricity cost
45] 12025| NO | x | x x [ x| x X MINLP X | x | x |Minimize total annualized cost
43] 12025 IE | x X X RB Quantify economic outcomes of SC vs LEC
54] [2025] IR X X | x X R-MIQP X | x| x x | Minimize total daily energy procurement costs
30] [2025] IT | x | x | x X | x X | x MILP x | x | x | x [Minimize total energy costs
55] [2025| PT | x | x X X MILP X x | Minimize total electricity cost and grid dependency
44] 12026( SE | x | x X | x X | x MILP UBEM| x X x [Minimize total lifecycle costs and total lifecycle carbon emissions
46] 12026 SE | x | x X X | x MILP X x |Minimize daily total cost of the LEC
56] [2026] IT | x X | x X LP X X Minimize electricity cost, thermal discomfort and maximize shared electricity incentive
57) [2026] IT | x | x X | x| x| x|x|x MILP X | X | x|x Minimize annual cost; minimize annual primary energy use; minimize annual carbon emissions
58] [2026] IT | x | x X X NSGA-II X X Maximize NPV and SC; maximize community NPV and shared energy
/MW HW 2026 SE | x | x | x | x X | x X MILP X | x| x Minimize system electricity and heat costs; find optimal investment combination

Note: "Other resources" includes CHP units,

TES, heat pumps, biomass boilers, and hydrogen systems. "Other energy carriers" refers to hydrogen [57] and thermal energy in

trigeneration or district heating systems [34, 35, 47].The last row summarizes the focus of this study, compared with previous literature. ISO country codes are disclosed in Appendix C.
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1.3.1 Research Questions

This thesis addresses a central challenge facing modern retail environments:

‘How can the integration of renewable energy and enerqy flexibility measures be
optimally designed and economically justified to reduce operational enerqy costs
within a retail local energy community setting?’

To answer this overarching question, the research unfolds through three interconnected
investigations:

1. To what extent does integrating a stationary BESS with on-site solar PV and
EV charging flexibility (across direct charging - DC, V1G and V2G modes)
deliver economic and operational benefits at the main store, and how are these
benefits influenced by participation in a local energy community with the
neighbouring secondary store?

2. To what extent do the installed flexibility measures enhance energy self-
sufficiency and reduce grid imports across the two-building community?

3. Is replacing the existing DH supply with a GSHP economically attractive when
evaluated against total energy costs and avoided carbon emissions, under the
Swedish electricity market and DH tariff conditions of the case study site?

1.4 Scope & Limitations

This section defines the boundaries and simplifications underlying the optimisation
model and analysis. The system boundaries establish which technologies and re-
sources are included in the study, while the key simplifications outline deliberate
methodological choices that maintain analytical tractability while ensuring practical
relevance to the case study context.

1.4.1 System Boundaries

The model encompasses three nested levels of increasing technical complexity (Fig-
ure 1.2):

e S1 — Building internal resources: On-site solar PV, BESS, and GSHP heat
supply, implemented only at the main store.

e S2 - Mobile flexibility: EV charging featuring DC, V1G and V2G capable
charging with power exchange and dynamic session management.

e S3 - Shared community resources: A two-building LEC where solar
generation, BESS, and EV flexibility are pooled to reduce collective grid
imports and associated tariff penalties.
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Figure 1.2: System boundary structure and energy flows across the three nested
levels.

The LEC is formed by the main retail store together with a neighbouring secondary
store located on the same site. The two buildings differ in size, load profile, and asset
configuration: flexibility resources comprising solar PV, BESS, and EV charging
are installed at the main store, while the secondary store participates as a load-
only member contributing its demand profile to the shared community balance.
Electricity can be exchanged between the two buildings behind the shared grid
connection point, reducing collective peak imports and the associated capacity tariff
charges. Full details of both buildings, including their metered load profiles and
operational characteristics are presented in Section 3.2.

The analysis is limited to these predefined technologies and resources. Other emerging
technologies (e.g. thermal storage, advanced demand-side flexibility, power-to-gas)
are excluded.
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1.4.2 Key Simplifications

The model operates under the following principal simplifications relative to real-world
conditions:

1.

Rolling Horizon Optimisation: The model operates on a 24-hour rolling
horizon with 36-hour foresight, re-optimised daily. This bounds achievable
savings to an upper-limit estimate relative to real-time implementations with
shorter look-ahead, see Appendix A.1.2.

. Aggregated Demand: Electrical and thermal loads are aggregated to building

level from meter data. Component-level control (e.g., individual HVAC zones,
refrigeration circuits) and advanced demand-side management are not modelled.

. Lossless Community Power Distribution: Electrical losses within the LEC

are neglected, conservatively overstating the economic value of inter-building
power exchange (Appendix A.1.2).

GSHP Representation: GSHP output is modelled using a Carnot-based
COP with a linear heating curve. This approximation is not validated against
measured performance data. Thermal demand is treated as a hard constraint
at every time-step. See Appendix A.1.1 and Appendix A.4.3.

. Electricity-Side Emissions Exclusion: Electricity-related CO, emissions

are excluded from the environmental assessment. The case study subject holds
offset mechanisms that effectively achieve carbon neutrality on the electricity
side, so emissions avoidance is quantified solely on the basis of displaced district
heating consumption.

. EV Fleet Characterisation: EV sessions are treated as deterministic and

known in advance, derived from a synthetic data generator constrained to store
operating hours. Stochastic driver behaviour and vehicle heterogeneity are not
captured. See Appendix A.1.3 and Appendix A.4.4 for operating hours and
session generation details.

Battery and Equipment Dynamics: All asset performance parameters are
held constant over 2023-2025. Battery degradation is represented through a
minimum state-of-charge (SoC) floor (20%) and a linear cycling cost. Calen-
dar ageing, temperature effects, and non-linear wear are not modelled. See
Appendix A.1.1.

. Linear Cost Structure: Most tariff components are linear functions of

power or energy, with two explicitly modelled exceptions: a step-function solar
production tax and two-tier DH pricing. See Appendix A.1.2 for full details
and implications.

Grid Boundary Conditions: Upstream grid constraints (transmission/dis-
tribution capacity, voltage stability, frequency support) are not modelled.
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1.4.3 Data Scope and Constraints

Historical weather data (2023-2025) from measured records and reanalysis are used
to represent climatic conditions. Long-term climate variability beyond this period is
not captured. Solar generation data, obtained from the Photovoltaic Geographical
Information System (PVGIS) [59] is available up to 2023, therefore, 2023 data are
looped for subsequent years in the simulation. Electricity and heat demand profiles
are based on metered data. EV charging sessions are synthetically generated.

Electricity market prices (NordPool SE3 spot prices), regulatory parameters (solar
tax threshold: 500 kWp, transmission rates, distribution system operator - DSO
charges), and tariff structures are assumed static over the simulation horizon.

1.4.4 Geographical Scope

Results are specific to the case study locations in Sweden, reflecting Swedish climatic
conditions and the structure of the electricity market (SE3 bidding zone). Findings
are not directly transferable to other regions without methodological adaptation.
Legal, governance, and organisational barriers to LEC formation are not addressed.
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Theoretical Framework

This chapter establishes the conceptual foundations needed to follow the modelling
approach and scenario design presented in Chapter 3, as well as the results presented
in Chapter 4. Rather than providing a broad technology review, it introduces
only the ideas and definitions directly invoked by the optimisation framework: the
mechanisms by which energy flexibility arises in retail buildings and its economic
value under Swedish market conditions, the role of each modelled asset in delivering
that flexibility, and the MILP formulation used to capture these interactions within
a cost-minimisation objective. The chapter closes with a brief description of the
techno-economic indicators used to compare scenarios.

2.1 Energy Flexibility in Retail Buildings

Energy flexibility in buildings is commonly understood as the capability to adjust
electricity demand and on-site generation over time in response to external signals
(prices or grid constraints), mainly by shifting loads, shaving peaks, and better
aligning local renewable production with consumption while maintaining core services
and comfort [60]. As discussed in Section 1.1, commercial and retail buildings
offer significant flexibility potential because their electricity use is dominated by a
small number of controllable end-uses (HVAC, refrigeration, and lighting) operating
on relatively stable daily and weekly schedules [2]. In food retail, refrigeration
alone typically accounts for around 40% of total electricity consumption, with
lighting contributing 12-20% and HVAC making up the remainder; in non-food retail,
HVAC and lighting dominate at roughly 50% and 30% respectively, with negligible
refrigeration loads [2].

In the Swedish context, the economic value of flexibility is shaped by two factors:
volatile zonal day-ahead spot prices on Nord Pool, and an increasingly capacity-
based grid cost structure at the distribution level. Capacity-based tariffs, already
applied by many Swedish DSOs to commercial customers and subject to a regulatory
mandate towards universal adoption, charge for the annual peak import of each
building rather than total energy alone [28]. Operational strategies that suppress
short-duration power peaks and shift demand away from high-price periods can
therefore substantially reduce total electricity costs, even without changing annual
energy consumption. This link between building flexibility and tariff structure

11
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provides the conceptual foundation for including all four modelled assets: BESS, EV
charging, GSHP, and LEC energy sharing in the optimisation framework described
in Section 3.1.

2.2 Flexibility Resources

2.2.1 On-Site Generation and Storage

The main source of renewable electricity in the system is solar PV installed on-site.
PV generation is modelled as a non-dispatchable, exogenous time series at 15-minute
resolution. Historical PV production data are derived from PVGIS based on the site’s
geographical location and system configuration, then scaled to the installed capacity
for each scenario (see Appendix A.2.2). Within the optimisation, PV power is either
self-consumed within the LEC or exported to the grid, subject to the Swedish solar
production tax applied above the 500 kWp threshold (see Appendix A.2.3).

Stationary BESS serve as the primary internal electrical flexibility resource for
the system. This system is characterised by its usable energy capacity, rated
charge/discharge power, round-trip efficiency, and a SoC that is tracked at each time-
step and constrained between a minimum floor, imposed to protect battery longevity,
and the full usable capacity. Complementarity constraints prevent simultaneous
charging and discharging, and a linear cycling cost term approximates degradation-
related wear. Within this representation, the BESS can be exploited for both
intra-day price arbitrage and peak import reduction to mitigate capacity-based grid
charges (see Section 3.1.7.2 and Appendix A.4 for the full modelling and formulation).

On the thermal side, the main flexible asset is a GSHP installed at the main store in
selected scenarios. A GSHP operates by extracting low-grade heat from a borehole
field and upgrading it to useful supply temperature via a vapour-compression cycle.
Its thermal efficiency is characterised by the COP, i.e. the ratio of heat output
to electrical input, which varies over time with outdoor air temperature and the
required supply temperature to the building’s heating circuit. In pre-processing, a
time-varying COP curve is computed from outdoor air temperature, a fixed ground
temperature, and a heating curve that determines supply temperature as a function of
outdoor conditions, all combined into a Carnot-based efficiency estimate corrected by
an empirical factor (see Appendix A.4.3). An auxiliary consumption factor accounts
for circulation pumps and ancillary equipment. The resulting time-varying electrical
intensity (the electrical power required per unit of heat delivered) is then passed to
the optimisation as an exogenous parameter, preserving the linearity of the MILP.
The GSHP operates in parallel with the existing district heating connection, where
the optimiser determines the least-cost heat supply split at each time-step, subject
to the GSHP’s rated thermal capacity and the hard constraint that total heat supply
meets the building’s demand at all times.

12



2. Theoretical Framework

2.2.2 Electric Vehicles and Charging Flexibility

The EV fleet at the retail site is represented as a set of individual charging sessions
at each charging point. From an energy system perspective, each EV battery acts
as a small mobile storage unit whose availability is bounded by the vehicle’s arrival
and departure times. Within this window, the model tracks each session’s state of
charge, constrained by a minimum SoC floor for battery health, and requires that the
SoC reaches a driver-specified departure target. As no economic value accrues from
surplus SoC at departure, the optimiser naturally charges each vehicle to exactly
its required level. Full mathematical details are provided in Appendix A.4.4 and
Section 3.1.7.1.

Three charging modes are modelled, corresponding to increasing levels of flexibility
utilisation:

1. Direct charging, DC: EVs charge immediately upon arrival at a fixed power
rate until the departure SoC requirement is satisfied. No scheduling flexibility
is available so the EV fleet behaves as an uncontrolled, inflexible load and
serves as the baseline for EV-related scenarios.

2. Smart charging, V1G: Charging remains unidirectional, but the optimisation
can distribute charging power freely within the arrival-departure window while
respecting power limits and the departure SoC target. This enables shifting of
EV demand away from high-price or high-peak periods without feeding power
back to the grid.

3. Vehicle-to-grid, V2G: Charging becomes bidirectional. When connected,
EVs can both draw from and inject power to the building or grid within the
availability window, subject to the same SoC floor and departure requirement.
This effectively turns the aggregated EV fleet into a controllable mobile storage
resource that can support peak shaving and arbitrage alongside the stationary

BESS.

In all modes, EV sessions are treated as deterministic and known in advance. The
model therefore establishes an upper bound on cost savings and flexibility utilisation
under idealised behaviour; effects such as stochastic arrivals, driver non-compliance,
and EV battery degradation from V2G cycling are outside the scope of this study
(see Section 1.4).

2.2.3 Local Energy Communities

A LEC is a collective of co-located prosumers that jointly produce, share, store, and
manage energy, typically with a focus on renewable sources and local environmental
and economic benefits [16, 20, 21]. In the EU, Renewable Energy Communities and
Citizen Energy Communities are defined under the revised Renewable Energy Direc-
tive (RED II) [18] and the Internal Electricity Market Directive [19]. Participation
grant members rights to generate, consume, store, sell, and share energy, and to
participate in demand response and aggregation [16, 21].
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In this thesis, the LEC is instantiated at the S3 system boundary as a two-building
community comprising the main and secondary retail stores, as described in Sec-
tion 1.4. Within this boundary, PV generation, BESS capacity, and EV charging
flexibility can be pooled and reallocated between buildings via modelled inter-building
power transfers, allowing the optimiser to exploit complementary load profiles and
unused capacity in one building to reduce collective peak demand and grid imports.
The analysis treats the LEC from a strictly techno-economic perspective; legal,
governance, and organisational aspects of its formation are not modelled.

2.3 Optimization Modelling

2.3.1 MILP for Energy System Problems

The operational planning problem for the two-building LEC is formulated as a
mixed-integer linear program (MILP), detailed in Section 3.1. A MILP minimises
(or maximises) a linear objective function subject to linear constraints, with decision
variables that are either continuous (e.g., power flows and SoC levels) or binary
(e.g., charge/discharge mode selection, import/export direction). This structure is
well-suited to energy dispatch problems that involve mutual-exclusion logic such as
no simultaneous charging and discharging of a storage device, and piecewise-linear
tariff structures, while remaining solvable at practical scale with commercial solvers.

All investment decisions (PV, BESS, and GSHP capacities) are treated as fixed,
scenario-specific parameters rather than decision variables, so the MILP solves a
pure operational cost minimisation for a given technology portfolio. The objective
function represents the total system energy cost over the simulation horizon, covering
electricity procurement at day-ahead spot prices (plus applicable Swedish network
charges and taxes), DSO subscription and peak power penalty fees, district heating
tariff components, BESS cycling costs, and revenues from electricity export and
transmission health incentives (see Section 3.1.6). Binary variables and Big-M
linearisation are applied to enforce logical constraints: import/export exclusivity
at each metering point, charge/discharge exclusivity for BESS and EVs, and the
computation of running peak maxima for capacity tariff tracking, as detailed in
Section 3.1.7.5. The problem is solved on a rolling 24-hour horizon with a 36-hour
look-ahead window, as described in Section 3.1.2.

2.4 Techno-Economic Assessment

2.4.1 Cost Metrics

The economic assessment compares scenarios on the basis of annualised total system
cost, combining capital expenditure (CAPEX) annualised over each asset’s lifetime
via a capital recovery factor, with annual operating expenditure (OPEX) derived
from the optimisation results. Scenarios are ranked by annual cost savings relative to
a baseline without flexibility measures. NPV and payback period (PBP) are reported
as indicators of financial viability over the investment horizon (see Section 3.4.2).
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2.4.2 Performance Indicators

Operational performance is characterised by the PV SC ratio: the fraction of total
PV production consumed within the LEC, and the SS ratio: the fraction of total
electricity demand met by local PV, directly or via storage. Reductions in annual
grid imports and annual peak demand relative to the baseline are also reported to
quantify the combined flexibility effect of all modelled assets. On the environmental
side, the analysis focuses on avoided CO4 emissions from district heating, comparing
the baseline DH supply against scenarios where part of the heat load is shifted to
the GSHP. Electric-side emissions are not accounted for explicitly, as the company
operates a corporate offsetting mechanism that brings electricity consumption to
net-zero CO,, making district heating the only unmitigated source of carbon in the
system, as it depends on the local DSQO’s fuel mix. Full key performance indicator
(KPI) definitions and parameter choices are given in Section 3.4.
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Methodology

Assessing the value of integrated energy flexibility solutions requires a modelling
framework that captures both the operational dynamics of individual assets and the
economic signals that govern their dispatch. This chapter presents such a framework:
a MILP-based energy management model applied to a main retail store and adjacent
retail building operating as a LEC in Sweden. The model is solved on a rolling
24-hour horizon over a three-year simulation period, optimising the joint dispatch
of solar PV, BESS, GSHP, and EVs against a full Swedish electricity cost stack.
The chapter proceeds from scope and assumptions through data, component models,
and the formal optimisation formulation, before describing the validation proce-
dure, performance metrics, and the 34-scenario matrix used to evaluate technology
combinations.

3.1 Optimisation Model Formulation

The energy management problem for the LEC is formulated as a MILP. The model
determines the cost-optimal operation of all controllable assets, (i.e. EV charging
and discharging, BESS dispatch, GSHP dispatch, and grid import and export flows)
subject to technical feasibility constraints and the applicable Swedish electricity
market tariffs.

The optimisation problem is solved on a rolling-horizon basis: a 36-hour look-ahead
window is optimised at the start of each day (see Section 3.1.2). This approach
balances computational tractability with the long-horizon dependencies introduced
by peak power tariffs and battery state management.

The model is implemented in Python using the Pyomo algebraic modelling framework
[61, 62] and solved with the Gurobi solver [63].

3.1.1 Software Framework

The optimisation model is implemented entirely in Python, using the following
software stack:

Pyomo (Python Optimization Modelling Objects)
An open-source algebraic modelling language for mathematical programming em-

bedded in Python. Pyomo is used to declare sets, parameters, decision variables,
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constraints, and objective functions in a symbolic, solver-agnostic manner. The
ConcreteModel class is used, meaning all data are bound at model instantiation
time. Each daily optimisation is solved on a freshly rebuilt Pyomo model to avoid
residual state between days.

Gurobi

A commercial MILP solver, accessed through Pyomo’s SolverFactory interface.
The following solver options are applied to all solves:

e MIPGap = 0.001: The solver terminates when the incumbent solution is within
0.1% of the computed lower bound. Because many tariff components (e.g., the
transmission fee of 0.04 SEK/kWh) are small relative to spot prices, numerous
near-equivalent solutions exist; a strict convergence criterion would result in
excessive branch-and-bound exploration for negligible practical gain.

o NumericFocus = 1: Activates increased numerical precision in floating-point
arithmetic, improving robustness when coefficient magnitudes differ by several
orders of magnitude (e.g., the large peak penalty vs. small per-kWh fees).

pandas

All time-series input data (spot prices, load profiles, solar generation, EV session
parameters, temperature) are managed as DataFrame objects, within pandas [64] and
sliced to the appropriate time window prior to each daily solve. Results are extracted
from the solved Pyomo model and written to a DataFrame for post-processing and
KPI calculation.

PyYAML

Scenario and system configuration (tariff values, component ratings, solver settings)
are stored in YAML files and loaded at runtime, separating model parameters from
source code.

The overall simulation workflow and post-processing of results is coordinated by
a Jupyter notebook, which iterates over the simulation period day by day, calls
the optimization model class, and accumulates results. Pre-processing and scenario
comparison are handled by dedicated notebooks.

3.1.2 Rolling Horizon Implementation

The model is solved on a rolling 24-hour horizon with 36 hours of foresight, re-
optimised daily over the full three-year simulation period, as illustrated in Figure 3.1.

At each iteration, the MILP is solved over a 36-hour window (144 time-steps), but
only the first 24 hours (96 time-steps) are committed as the operational schedule.
The remaining 12 hours serve as a foresight buffer, preventing short-sighted end-of-
day decisions such as excessive BESS discharge with no recovery window, and are
discarded before the next iteration. End-of-day BESS state of charge and the running
annual peak power record are propagated as initial conditions to the following day.
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Figure 3.1: Rolling horizon optimisation flow.

End of Simulation

This design represents an upper bound on achievable cost savings, so real-time
implementations with forecast-driven inputs and shorter look-ahead would incur
additional costs due to prediction errors (see Section A.1).

3.1.3 Sets

The model operates over a discrete time horizon partitioned into equal 15-minute
intervals. In addition to the time index, separate index sets are defined for buildings
and EV charging infrastructure to allow the formulation to scale transparently with
the size of the community. Table 3.1 summarises all index sets used.

Table 3.1: Index sets used in the optimisation model.

Symbol Description

T Set of discrete time steps, t = 0,1,...,7—1. At 15-minute
resolution, |7 | = 144 for the 36-hour optimisation horizon.

B Set of buildings in the community, indexed by b.

C Set of EV charging points, indexed by c.

E(c) Set of EV charging sessions at charging point ¢, indexed by e.

BYCB Subset, of buildings with a thermal demand, connected to the

district heating network and/or GSHP.
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3.1.4 Parameters

All parameters are treated as fixed, known inputs to the optimisation problem.
Time-varying parameters are provided as profiles indexed over T scalar parameters
represent constant tariff or physical values. All monetary quantities are denominated
in SEK. Numerical values for tariff rates, subscribed power capacities, and component
ratings are reported in Appendix A.2; only parameters whose values constitute
intrinsic modelling or computational choices are stated explicitly below.

3.1.4.1 Time Resolution

The model operates at a fixed 15-minute time step. Table 3.2 defines the corre-
sponding duration parameter used throughout the formulation to convert power to
energy.

Table 3.2: Time resolution parameter.

Symbol Value Description

At 0.25h Duration of each time step

3.1.4.2 Asset Parameters
Building Electrical Load and Solar PV

Table 3.3 defines the exogenous time-series inputs representing each building’s
electrical load and solar PV generation, which appear directly in the building power
balance constraints.

Table 3.3: Building load and generation parameters (per building b).

Symbol Value Description

Ly .* kW, per t Measured electrical load at time step t; excludes GSHP
consumption, which is computed endogenously
Gyt kW, per t Solar PV generation at time step ¢

* Values not disclosed, see Confidentiality Notice

Battery Energy Storage System Parameters

Table 3.4 lists the parameters characterising the battery storage system at each
building, including capacity, power rating, and the efficiency and depth-of-discharge
(DoD) limits used in the SoC dynamics.
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Table 3.4: BESS parameters (per building b).

Symbol Value Description

Epess 257771 kWh Usable BESS energy capacity

PPessmax 195 957 kW Rated charge/discharge power

0,0 Initial state of charge at the start of the optimisation horizon
n? 86.5 % Round-trip charge/discharge efficiency; applied as n on

the charging side and 1/n on the discharging side (see
Appendix A.2.4)

omin 20 % Minimum permissible state of charge, enforced to protect
battery longevity (see Appendix A.1.1)
Ceye 0.17SEK/kWh/cycle BESS cycling cost; captures wear-related degradation

Thermal System Parameters

Table 3.5 lists the parameters governing heat supply at buildings with a thermal
demand, covering GSHP capacity and the time-varying electrical intensity coefficient
used to compute the heat pump’s electricity consumption.

Table 3.5: Thermal system parameters (per building b € BY).

Symbol Value Description

Hy* kW, per ¢ Space heating demand at time step ¢

QEP M (700 kW Rated GSHP thermal output capacity; set to 0 for district-
heating-only buildings

Qpt [kW¢ / kW], per t GSHP electrical intensity, defined in Appendix A.4.3

3.1.4.3 EV and Charging Point (CP) Parameters

Table 3.6 lists the parameters describing each EV charging session, including battery
characteristics, power limits, the parking time window, and the charging mode
indicator. The three charging modes and their respective constraint formulations are
described in Appendix A.4.4.
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Table 3.6: EV and charging point parameters (per session e at charging point c).

Symbol Value Description

EC 61kWh  EV battery usable capacity
oo 7.4-50kW Maximum bidirectional charging/discharging power
Ooe 0-100%  State of charge at arrival
affep 0-100%  Minimum required state of charge at departure
[ - Arrival time step index
tffep - Departure time step index
meY 0-2 EV charging mode: 0 = DC, 1 = V1G, 2 = V2G
Vg 0,1 Derived binary flag: vy = 1 if m® = 2, otherwise v,y = 0;
gates V2G discharge capability
3.1.4.4 Market and Tariff Parameters

Electricity Market Tariffs

Table 3.7 lists the electricity market tariff and fee parameters that appear in the
supplier cost, transmission cost, and tax terms of the objective function.

Table 3.7: Electricity market tariff parameters.

Symbol Value Description

bt SEK/kWh, per t Day-ahead spot electricity price for building b at time step

~ t; time-varying

A¢ SEK/kWh, per ¢t Community-average spot price at time step ¢; used to value
V2G discharge revenue; time-varying

Ceert 0.005 SEK/kWh Renewable energy certificate fee, levied on grid imports

Cix 0.04 SEK/kWh  Transmission (network utilisation) fee on grid imports

Chi 0.04 SEK/kWh  Transmission health incentive received per kWh exported
to the grid

Ctax 0.439 SEK/kWh Swedish national energy tax, levied on grid imports only

Csolar 0.439 SEK/kWh Solar production tax on self-consumed PV energy; equals

zero for installed capacity < 500 kWp and the full energy
tax rate otherwise (see Appendix A.4.1)
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DSO Power Tariffs

The DSO applies a capacity-based annual tariff consisting of a fixed subscription
charge and a penalty surcharge triggered whenever a building’s annual peak power
demand exceeds its contracted baseline. This tariff structure creates a persistent
optimisation incentive to suppress demand peaks throughout the simulated period.
The tariff parameters are listed in Table 3.8.

Table 3.8: DSO tariff parameters.

Symbol Value Description

pgub 500-2,500* kW Contracted power capacity for building b

Csub 3,000 SEK /day Fixed DSO grid subscription fee, prorated from the monthly
charge

Cpk,mo 35.84 SEK/KW /month Monthly subscribed power fee per kKW of contracted capacity

Cpk,yr 430 SEK /KW /year Annualised subscribed power fee rate: cpiyr = 12 Cpiomo

Cpenyr 860 SEK/KW /year Annual penalty rate for each kW by which the annual
peak exceeds P5'"; set at twice the subscribed power fee:
Cpenyr = 2 Cplyr

]55 ey R > 0kW Annual peak state carried in from prior optimisation periods
(rolling-horizon state variable)

The model internalises the peak power penalty cost, providing an economic incentive
to deploy BESS and V2G discharge at peak-risk time steps.

District Heating Tariff Parameters

The district heating tariff applied by the DSO comprises time-varying energy charges
structured into two tiers (base and peak), plus three fixed daily capacity charges.
The corresponding parameters are listed in Table 3.9. All district heating demand up

to Pab-base jg hilled at the base-tier rate ci™"*°; any demand exceeding this threshold
is billed at the higher peak-tier rate ¢;*****. The two-tier structure creates a cost

incentive to restrict heat demand below P9%P2%¢ during high-rate periods.
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Table 3.9: District heating tariff parameters.

Symbol Units Description

¢f™Pase(.188-0.458 SEK /kWh Base-tier district heating energy rate at time step ¢; time-
varying

et 1 9 SEK /KWh Peak-tier district heating energy rate at time step t; time-
varying

cdbvbase 441 SEK /KW /year Annual base capacity charge rate

cap

cdhmax 685 SEK /KW /year Annual maximum capacity charge rate

cap

pdbbase - 499.1 000* kW Power threshold separating base-tier from peak-tier billing

pdbmax 4991 000* kW Contracted maximum demand used for peak capacity charge
computation

Kfa 465 SEK /day Fixed daily charge: subscription fee, derived from the yearly
fee

Kbe 700 SEK /day Fixed daily charge: base capacity component, derived as
Pdh,base . th,base/365

cap
Kme 356 SEK/day Fixed daily charge: peak capacity component, derived as

(Pdh,max _ Pdh,base) . th,max/365

cap

3.1.4.5 Big-M Linearisation Constant

The Big-M method requires a scalar constant M large enough to dominate all
physically plausible power flows in the system. The value used throughout the model
is given in Table 3.10.

Table 3.10: Big-M constant.

Symbol Value Description

M 10,000 Large constant used in Big-M linearisation of
binary mutual-exclusion constraints

3.1.5 Decision Variables

The following decision variables are optimised by the solver. They are classified
as either continuous or binary (integer-valued), the latter being the source of the
mixed-integer character of the problem.

Building Variables

Table 3.11 lists the decision variables associated with each building’s electrical systems,
including BESS dispatch, net power, and the binary import/export decomposition
used for per-building cost accounting.
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Table 3.11: Building decision variables (per building b € B, per time step t € T).

Variable Units Type Bounds Description

pgﬁ’b kW  Continuous [0, P’*"™] BESS charging power

pg;’b kW  Continuous |0, P,}) eI BESS discharging power

ops - Continuous [0, 1] BESS state of charge [dimensionless]

Bgﬁ’b - Binary {0,1} BESS charging mode indicator: B =
1 denotes charging, B = 0 denotes
discharging

by, kW Continuous R Net electrical power of building b;
positive values indicate net import

By kW Continuous [0, 400) Import component of building net
power

By kW  Continuous [0, +00) Export component of building net
power

B - Binary {0,1} Import mode indicator: B =1 when

the building is a net importer

Thermal Variables (only for b € BY)

Table 3.12 lists the thermal dispatch variables applicable to buildings with a heat
demand; they determine the cost-optimal split between GSHP output and district
heating supply.

Table 3.12: Thermal decision variables.

Variable Units Type Bounds Description
Qisthp kW Continuous [0, Q¥"™>] GSHP thermal output at time step ¢
o kW  Continuous [0, +00) District heating supply at time step

t

Peak Power Tracking Variables (per building b, scalar)

Table 3.13 lists the scalar variables that track each building’s annual peak import
and compute the associated penalty surcharge; they are re-solved each day and their
values carried forward via the rolling horizon.
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Table 3.13: Peak power tracking variables (not time-indexed).

Variable Units Type Bounds Description

Pbd R kW Continuous [0, +00) Maximum net import power observed
during the current optimisation pe-
riod

ppev kW Continuous [0, +00) Updated annual peak:

pprev  pHday

max( b ) Pb )

(5§k kW Continuous [0, +00) Excess peak above contracted base-

A

line: max(0, Ppev — Pgub)

Inter-Building Power Transfer Variables (when |B| > 2)

In multi-building configurations, the model permits the transfer of electrical energy
between buildings at zero marginal cost, representing the sharing of locally generated
or stored resources within the community. Three transfer variables are defined
between building b, and building bs, as listed in Table 3.14.

Table 3.14: Inter-building transfer variables (per time step t).

Variable Units Type Bounds Description

X kW Continuous [0, +00) PV generation power transferred
from by to by

X pess kW Continuous [0, +00) BESS discharge power transferred
from b1 to b2

Xp2bl kW Continuous [0, +00) Power transferred from b, to by for

the purpose of charging b;’s BESS

The transfer variable X}V enables surplus solar generation at b; to reduce the grid
import requirement of by. Conversely, X" allows by to supply energy to b;’s battery
using by’s available grid capacity, thereby enabling peak demand at b; to be managed
through pre-emptive BESS charging financed by bs.

District Heating Variables

Table 3.15 lists the district heating aggregation and tier-split variables used to
implement the two-tier billing structure of the DSO tariff.
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Table 3.15: District heating decision variables (system-level, per time step t € T).

Variable Units Type Bounds Description
dh,tot kW  Continuous [0, 4+00) Aggregate district heating demand
across all buildings
dhbase W Continuous [0, +00) Base-tier district heating consump-
tion
dhopeak 1y Continuous [0, 4+00) Peak-tier district heating consump-
tion
Qdvload 1{V  Continuous [0, +00) Maximum DH demand across all
time steps
Qme KW Continuous [0, +00) Monthly DH peak

Grid-Level Variables

Table 3.16 lists the system-wide variables defined at the community metering point,
including aggregate import and export flows, cost auxiliary variables, and the solar
self-consumption auxiliary.

Table 3.16: Grid-level decision variables (system-wide, per time step t € T).

Variable Units Type Bounds Description

pim kW Continuous [0, 100 000] Total LEC grid import power

P kW Continuous [0, 100 000] Total LEC grid export power

Bm™ - Binary {0,1} Community import mode indicator

Pload kW  Continuous [0, +00) Maximum system-level grid import
across all time steps

pme kW Continuous [0, +00) Monthly peak for ratchet constraint
computation

Tt SEK  Continuous [0, +00) Transmission cost incurred at time
step ¢

ft SEK  Continuous R Aggregate supplier cost at time step
t

fo SEK  Continuous R Per-building supplier cost at time
step ¢t

St kW Continuous [0, +00) Solar energy self-consumed (not ex-

ported) at time step ¢

EV Variables

Table 3.17 lists the decision variables associated with EV charging and discharging,
defined per charging session and time step. The binary variable thetffv enforces
mutual exclusion between charging and discharging.
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Table 3.17: EV decision variables (per session e € £(¢), per time step t € T).

Variable Units Type Bounds Description

P, kW Continuous [0, Psy™] Charging power drawn by EV ses-
sion e at charging point ¢

pg;,t kW Continuous [0, vg - Pso™*] V2G discharge power from EV ses-
sion e; identically zero when vgg = 0

ooy - Continuous [0, 1] State of charge of EV battery at
session e

ghe‘;v - Binary {0,1} Charging mode indicator: B = 1

denotes active charging; B = 0 de-
notes discharge or idle

Py kW  Continuous R Net power at charging point ¢ at
time step t; positive values indicate
grid import

CP Power Routing Variables (more than one building)

In a multi-building LEC, the net power of each charging point must be attributed
to a specific building’s metering point for per-building peak power tracking. Four
routing variables per charging point allow the optimiser to assign charging loads and
V2G discharge quantities freely between the two buildings, as listed in Table 3.18.

Table 3.18: CP power routing variables (per charging point ¢, per time step t).

Variable Units Type Bounds Description

réh s, kW Continuous [0, 400) Charging power of CP c attributed
to building b,

e, kW Continuous [0, 400) Charging power of CP ¢ attributed
to building by

S, kW Continuous [0, +00) V2G discharge power of CP ¢ at-
tributed to building b,

e, kW Continuous [0, +00) V2G discharge power of CP ¢ at-

tributed to building by

The routing variables allow the optimiser to selectively direct V2G discharge towards
the building most at risk of exceeding its annual peak record, thereby maximising
the cost benefit of vehicle-to-grid operation.
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3.1.6 Objective Function

The model minimises total system cost over the optimisation horizon. All cost terms
are expressed in SEK and are exclusive of value-added tax (VAT). Capital C denotes
aggregated cost terms [SEK]; lower-case ¢ denotes unit rate parameters [SEK/kWh
or SEK/KW]. The objective function is:

min Z = CDSO + Csupplier + Otax + C(cycling + Osolar
+ Cpu + Cpkbase + Cpk,penatty — Fni + Ppoc (3.1)

The term Ppc is a penalty applicable only in the DC charging mode (m® = 0). it
evaluates to zero for V1G and V2G modes and is described in Section 3.1.6.

DSO Cost

The DSO cost (Cpso) comprises a variable transmission fee on imports and a fixed
daily subscription charge:

ODSO = Ctx + Csub (32)
The variable transmission cost is:

Ctx = Z T+ = Z Cex * Ptlm . At (33)
teT teT

The fixed subscription fee cg, is a scalar charge applied once per optimisation day,
independent of actual consumption.

Supplier Cost

The supplier cost (Csupplier) reflects electricity procurement at spot prices, inclusive
of renewable energy certificates, net of export compensation. Each building is billed
at its own connection-point electricity price A, ;:

Csupplier = Z ft (34)

teT

where the aggregate supplier cost f; is defined via the constraint in Section 3.1.7.4.
The per-building contribution is:

o= | P+ O+ o) = B3+ Qg + )| - A (35)

V2G discharge reduces the LEC’s aggregate grid import but does not appear in
any individual building’s Pg‘? variable, since charging points are modelled at the
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community bus level. To ensure that V2G dispatch is correctly valued in the
optimisation, a revenue credit is applied directly in the supplier cost aggregation:

Ji = Z Jou — 5\t : Atz Z pg,se,t (3.6)

beB ceC ecé(c)

The V2G credit is evaluated at the community-average spot price \;, consistent with
the assumption that discharge power is shared among all community members.

Energy Tax

The Swedish national energy tax (Ciax) is levied on all electricity imported from the
public grid. Exported electricity does not generate a tax refund:

Otax = Ctax - At Z Ptim (37)
teT

Note that the model does not distinguish between electricity exported from locally
generated PV and electricity exported after grid-charging a battery, thus, any
potential tax refund on grid-charged storage export is not represented here.

BESS Cycling Cost

Battery degradation is captured through a cycling cost (Ceycling) term proportional
to the total energy throughput of each BESS, normalised by its usable capacity. This
penalises excessive cycling relative to the economic benefit and may be set to zero
when degradation is not the subject of study:

Ceyc ds,b
Ccycling = Z Ebess ) At Zpb,t (38)
beB b teT
EPess>0

Solar Production Tax

Under Swedish law, self-consumed PV electricity is subject to the national energy
tax (Csolar) for installations exceeding 500 kWp (per building) in rated capacity. For
smaller installations the rate is zero. The corresponding cost term is:

C1solar = Csolar * At Z St (39)
teT

where S; is the self-consumed solar power at time step ¢, as defined in Section 3.1.7.5.
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District Heating Cost

The district heating cost (Cpy) comprises three fixed daily charges and two time-
varying energy components reflecting the base/peak tier structure:

|T| - At
24

total fixed daily charge

dh,b. dh,b
_i_AtZCt,ase. t,ase
teT

C’DH = (Kfa + Kpe + K'me) :

base-tier energy cost

+ At Z C?h,spets . ?h,peak (310)
teT

peak-tier energy cost

The fixed daily charges are prorated by the ratio of the optimisation horizon to 24
hours, ensuring that each daily solve contributes its proportionate share of the daily
fixed costs.

Peak Power Base Fee

A fixed daily charge is incurred for each building’s contracted power capacity (Cpk base)s
regardless of actual demand. Expressed as a daily contribution to the annual
subscribed-power fee:

Psub C Cplevr
C’pk,ba‘se = Z b LM (311)
beB 365

Peak Power Penalty

When a building’s annual peak power record P;'*" exceeds its contracted baseline
PbS“b, an annual penalty surcharge (Cpk penalty) Of Cpenyr per kW of excess is incurred.
Since this cost depends on decision variables, it is endogenous to the optimisation
and creates a continuous incentive for peak demand management:

Cpk,penalty = Z 5111)1{ * Cpen,yr (312)
beB

The excess variable 0} is defined through the constraints in Section 3.1.7.4.

Transmission Health Incentive Income

The DSO reimburses the LEC for each kWh exported to the distribution network
under the Natnytta scheme, which compensates prosumers for voltage support and
reduced network loading associated with local generation. This constitutes a revenue
item (Ry;) and is therefore subtracted from total costs:

Ry = cni- At Y PX (3.13)
teT
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Direct Charging Uncontrolled Charging Penalty

The DC scenario (m® = 0) represents the baseline case of uncontrolled EV charging.
In practice, this is modelled as immediate maximum-rate charging upon arrival,
rather than as a flexible charging schedule within the parking window. Since a MILP
would otherwise schedule charging at cost-optimal (typically off-peak) hours, a large
penalty term (Ppc) is introduced to enforce maximum-rate charging throughout the
parking window:

Poc=wpc), >, > (Pce,z’max - pgle,t) (3.14)
ceC ee&(c) teT
e <t<te?d

The weight wpc = 1000 is chosen to dominate all tariff-related terms, ensuring
that the optimiser prioritises immediate full-power charging throughout the parking
window. If the battery reaches its capacity or the departure SoC requirement is
satisfied earlier, charging naturally stops due to the state-of-charge constraints. This
formulation is intended as a transparent approximation of uncontrolled charging and
does not represent alternative feasible within-parking charging profiles that may also
satisfy the departure requirement. This term evaluates to zero for V1G and V2G
modes.

3.1.7 Constraints

3.1.7.1 EV Charging Dynamics
EV State of Charge Dynamics

The state of charge of each EV battery evolves according to a discrete-time energy
balance, accounting for charging efficiency losses in both directions. The dynamics
are only active during the parking window [t27, tg;p]; outside this window the SoC
variable is fixed to zero, representing the physical absence of the vehicle.

At arrival (t = t27):
N Does — Pt/

ev — arr 3.15
Uc,e,t Uc,e + Eg:a/At ( )
During subsequent parking steps (t27 <t < t3%):
ev ev - pgle,t B pg,se,t/n
Uc,e,t = O-c,e,tfl + Eg:é/At (316)
Outside the parking window (t < t¥ or t > ti‘zp):
Tees =0 (3.17)

The asymmetric efficiency formulation (i.e. n applied to charging and 1/n applied
to discharging) yields a round-trip efficiency of 1?, consistent with the symmetric
efficiency assumption stated in Section 1.4.
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EV Minimum State of Charge

A lower bound on the EV state of charge is enforced throughout the parking window
to represent battery health constraints:

o’ Z o_min Vte [tarr tdep] (3.18)

c,e,l c,e’ “ce

EV Charging and Discharging Power Limits

Simultaneous charging and discharging of an EV battery is physically infeasible.

This mutual exclusion is enforced via the Big-M method using the binary variable
ch,ev
cel

ph, < B P e e, t (3.19)
P, < (1— By - P& e e, t (3.20)

When th;v = 1 the vehicle is in charging mode and discharging power is bounded

h .
to zero; when B, = 0 the reverse applies.

EV Availability Constraints

Charging and discharging are permitted only during the parking window. Outside
this interval both power variables are forced to zero:

pf‘e,t =0 and p=,=0 Vt ¢ [t tder) (3.21)

c,e,t c,e’ “c,e

EV Departure State of Charge Requirement

At the scheduled departure time step, the EV state of charge must meet or exceed the
user-specified minimum departure SoC, representing the driver’s range requirement:

0% ey > 0P (3.22)

C7e7tc,e - ¢,e
This constraint is treated as hard (inviolable), meaning the optimiser must satisfy it
regardless of the associated energy cost.
Charging Point Power Balance

The net power at each charging point is defined as the algebraic sum of charging
and discharging across all concurrent EV sessions:

P =% (B, —p5,) Vet (3.23)
e€&(c)
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CP Power Routing Conservation Constraints

In multi-building scenarios, the total charging demand and total V2G discharge
of each charging point must be fully and exclusively attributed between the two
buildings:

Voo tTetn = D Phes Vol (3.24)
ec&(c)

PO e = Y Py Vet (3.25)
ecé(c)

3.1.7.2 BESS Operation
BESS State of Charge Dynamics

The BESS state of charge evolves according to the same discrete-time energy balance
as the EV battery. For buildings without a BESS (EP** = 0), the SoC and power
variables are fixed to zero.

Initialisation at t = 0:

ch,b ds,b
N"DPvo — Poo /77

bess ___bess,0
705" =0 T pr A (3.26)
Subsequent time steps (t > 0):
n- pch,b _ pds,b/n
O = Oy e V>0 (3.27)

Ep /At

BESS Minimum State of Charge

A lower bound on the BESS state of charge is imposed throughout the horizon to
protect battery longevity:

oSS > o™ Vhe B teT (EP™>0) (3.28)

BESS Charging and Discharging Power Limits

Simultaneous charging and discharging of the BESS is precluded by the binary
variable Bg};’b via the same Big-M formulation:

Phi” < By BVt (3.29)
Phi” < (1= Big®) By b, o (3.30)

3.1.7.3 Thermal System
Heat Supply Balance

For all buildings with a thermal demand (b € BY), the heat supply constraint requires
that the sum of GSHP output and district heating supply equals the exogenous heat
demand at each time step:

B QM = H,, Ybe B t (3.31)
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The optimiser determines the least-cost split between the two sources. When GSHP
is not installed (Q&"™ = (), the variable Q%fthp is effectively zero and all demand
is served by district heating.

District Heating Energy Tier Decomposition

The two-tier billing structure of the district heating tariff requires decomposing total
DH consumption into base-tier and peak-tier components.

Aggregate DH demand:

Pt = N QM vt (3.32)
beBH
Energy tier balance:
?h,base + Q?h,peak _ Q;ih,tot Vi (333)
Base-tier capacity limit:
?h,base < Pdh,base YVt (334)

Demand in excess of PdP2¢ ig automatically assigned to Q?h’peak and billed at the

: dh,spet
higher rate ¢, *P“".

DH peak load tracking:
th,load > Q?h,tot th th,mo > th,load (335)

3.1.7.4 Grid and Community Power Balances
Community Grid Power Balance

The net power balance at the community metering point requires that grid imports
minus exports equal the aggregate demand of all buildings and charging points:

Ptim - P = Z Py + Z PCCE Vi (3.36)
beB ceC

Grid Import/Export Mutual Exclusion

Simultaneous grid import and export at the community metering point is physically
impossible and is precluded by the Big-M constraints:
P™ < M-B™ Vt (3.37)
P*<M-(1-B™) Vt (3.38)

The same mutual exclusion is applied at the per-building level using the binary
variable B}, with the sign decomposition:

Py = P — P& Vb, (3.39)
Py <M-BJ} Vbt (3.40)
Py <M-(1-Bj5) Vbt (3.41)
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This decomposition is necessary to compute per-building supplier costs correctly and
to prevent the simultaneous presence of import and export revenues, which would
otherwise distort the BESS arbitrage incentive signal.

System Peak Load Tracking

The system peak load variable records the maximum grid import across the optimi-
sation horizon:

pload > pim gy (3.42)

The monthly ratchet constraint reflects the Swedish DSO convention that the monthly
peak charge cannot fall below the peak from the preceding month:

pmo > pload’ pmo > pprev,mo (343)

where PP*V™° ig a fixed parameter representing last month’s peak. This system-
level tracking is retained for reference; the principal peak cost mechanism is the
per-building annual tracking in Section 3.1.7.4.

Per-Building Annual Peak Power Tracking

The DSO peak power tariff requires tracking the annual peak import demand for
each building. The following constraints implement a state-based linearisation of the
running maximum over the simulation period.

Daily peak tracking, the variable ﬁbd % captures the maximum net import observed at
building b during the current optimisation period:

Single-building or building index beyond by :

B > P+ Y PR vt (3.44)
ceC
Multi-building, building by :
Hday ch ds
Pb1 Z Pbl’t + Z(TC,t,bl - T‘c’t’bl) vt (345)
ceC
Multi-building, building by:
P > Pyt Z(rﬁgb - 7“311,2) Vi (3.46)
ceC

V2G discharge attributed to a building reduces its effective peak measurement,
constituting the primary mechanism by which vehicle-to-grid operation mitigates
annual peak power charges.

Annual peak update:

P > PPt (3.47)
By > P (3.48)
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Penalty increment:
6P > ppev _ psub (3.49)

Combined with the non-negativity bound on 55k, this yields the effective relationship

A

pk __ new sub
0, = max(0, B — B).
Transmission Cost Definition

The per-timestep transmission cost auxiliary variable is defined as:

T =cn PMAL Y (3.50)

Supplier Cost Aggregation

The per-building supplier cost and its system-level aggregate are defined through
the following equality constraints, used in both the objective function and results
extraction.

Per-building supplier cost:

fb,t == l:Pl:j? : ()\b,t + Ccert) - Pbi( : <)\b,t + Ccert + Ccomp):| : At Vba t (351)

System-level supplier cost (incorporating V2G discharge revenue):

Fe=3"for — M-AEY > p, it (3.52)

beB ceC ec&(c)

Building Electrical Power Balance

The net power of each building represents the sum of all local generation and storage
offset against demand. A positive value indicates a net import from the community
bus; a negative value indicates net export.

Single-building scenario, without GSHP (b ¢ BY):

Pyy = Ly — Goy —piy” + 1y Vb, t (3.53)

Single-building scenario, with GSHP (b € BH):

Py = Ly — Goy — 1"+ 05y” + o - Q)™ Vb, t (3.54)

The term oy - %ihp represents the GSHP’s electrical demand, computed as the

product of the dispatch decision and the time-varying electrical intensity parameter.

Multi-building scenario, for building b;:

Py = Lyt — Gy + XPV 4+ XD — ppp +pi) — XP2 + ap - QPP Wt (3.55)

Multi-building scenario, for building bs:

Poyy = Luyy — Gy — XP¥ = XP™ = pp>) 4+ piny + X2+ auy - QEF Wt (3.56)
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Transfer variables that increase the supply available to a building appear with a
negative sign, reducing that building’s net import requirement. Variables representing
energy dispatched away from a building appear with a positive sign. The sign
convention follows from the definition of B,; as net import: supplying energy to
another building increases the apparent demand at the source and decreases it at
the destination.

Inter-Building Transfer Upper Bounds

The following constraints ensure that inter-building power transfers do not exceed
the physically available quantities.

PV transfer is bounded by the available solar generation at b;:

XP <Gy, VE (3.57)

BESS transfer is bounded by the actual BESS discharge of b;:
Xpes <pyy Vi (3.58)

The by-to-b; transfer is bounded by b;’s maximum BESS charge rate:
XPPL < ppossmax gy (3.59)

3.1.7.5 Linearisation Constraints
Solar Self-Consumption Auxiliary Constraints

The auxiliary variable S; represents self-consumed solar energy. Its value is bounded
below and above to correctly model the relationship between generation, export, and
local consumption.

Lower bound, any PV generation not exported must have been consumed locally:

Sy > Gy — P Vit (3.60)
beB

Upper bound, self-consumption cannot exceed total PV generation:

Sp <Y Gy Vi (3.61)
beB

The upper bound is necessary to prevent numerical artefacts when cgo, = 0: in
the absence of a positive cost coefficient, the solver would otherwise assign an
arbitrarily large value to Sy, yielding physically meaningless self-consumption ratios
in post-processing.

3.1.8 Linearisation Methods

The model is entirely linear in its decision variables, but several physical realities
would otherwise require non-linear expressions. The following standard linearisation
techniques are applied throughout.
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Big-M Method.

Mutual exclusion between two binary-governed alternatives (e.g., charging vs. dis-
charging, import vs. export) is enforced by pairing a binary variable B € {0, 1} with
a large constant M. The constraint x < M - B forces x = 0 when B = 0, effectively
switching the variable off. The value M = 10000 is chosen to exceed the maximum
physically plausible power flow in the system.

Auxiliary Variable with Bound Constraints.

The max operator is linearised by introducing a new non-negative variable and
replacing the original expression with two inequality constraints. For example, the
annual peak record update PPV = max (PP, PI) is replaced by:

Prev > PPV and  pRev > P (3.62)

Since Pglew appears in the objective with a non-negative coefficient, the minimiser
drives it to the smallest feasible value, which equals the maximum of the two
right-hand sides.

Solar Self-Consumption Auxiliary Variable.

The self-consumed PV energy S; = max(0, Y-, Gy — Pf*) is expressed through
a non-negative auxiliary variable bounded by one inequality from below and one
from above, removing the non-linear max(-,0) operator while preserving the correct
physical relationship.

3.2 Input Data

Building Electrical Load Profiles

Electrical load data for both buildings were obtained from metered records covering
the period 2023-2025. To preserve confidentiality, all load values have been scaled
by a constant multiplier, maintaining the relative patterns and the ratio between the
two buildings.

Figure 3.2 presents the 2025 load duration curves (LDCs) for both stores. The
secondary store exhibits a consistently higher load than the main store across the
entire year, with noticeably higher peak demand. Despite the difference in scale,
the two buildings share broadly similar operating schedules, as evidenced by the
comparable shape of their LDCs and the alignment of their high-demand periods.
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Electricity Load Duration Curve Comparison 2025
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Figure 3.2: Load duration curves for the main and secondary store, 2025.

Figure 3.3 shows a representative week (Monday to Sunday) of electrical load for the
main store. The profile illustrates the characteristic daily demand cycle of a retail
building, with load rising sharply at store opening, sustaining an elevated plateau
through operating hours, and dropping at closing. Weekend patterns follow the
same structure, reflecting the continuous operation typical of large-format retailer in
Sweden.

Load Profile 2025 - Representative Summer Week
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Figure 3.3: Representative weekly electrical load profile for the main store.

3.2.1 Thermal Load Profile

Thermal load data for the main store were obtained from metered DH records
covering 2023-2025. All values have been scaled by a constant multiplier to preserve
confidentiality.
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Figure 3.4 shows a representative winter week (Monday to Sunday) of heat consump-
tion. The profile follows a clear daily cycle, with demand peaking in the morning as
the system pre-conditions the building before opening, then declining through the
day as internal heat gains from lighting, HVAC, and occupancy partially offset the
space heating requirement.

Heat Consumption 2025 - Representative Winter Week

700
600
500
400

300

Consumption (kWh)

200

100

0 20 40 60 80 100 120 140 160

Time (hours)

Figure 3.4: Representative winter week of thermal load at the main store, 2025.

3.2.2 Solar PV Generation Profile

Solar PV generation data were obtained from PVGIS, scaled to the installed capacity
of each scenario as described in Appendix A.2.2. Figure 3.5 presents representative

daily capacity factor profiles for a winter and a summer day, with a PV array of
500 kWp.

The contrast between seasons is pronounced. On the representative summer day,
generation begins in the early morning, reaches a broad midday peak with a mean
generation output of approximately 35kW, and sustains meaningful output for
roughly 9 hours. On the representative winter day however, the generation window is
substantially shorter, approximately 3 hours (with a mean output of approximately
1kW), with a sharper and lower peak reflecting the reduced solar elevation and
shorter days at the case study latitude.
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PV Generation Profile - 16 February 2025
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(a) Representative winter day.

PV Generation Profile - 9 July 2025
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(b) Representative summer day.

Figure 3.5: Solar PV generation profiles for representative winter and summer days
at the case study site.

3.3 Results Post-Processing

Upon completion of the rolling horizon optimisation, the committed operational
schedules for each day are aggregated and passed to a dedicated post-processing
stage, where final cost figures and key performance indicators are computed outside
the solver environment. This separation is necessary because several terms in the
objective function serve as economic incentives to guide the optimiser towards
desirable behaviour, rather than as direct representations of the billing mechanism
actually applied by the network operator or supplier.

The most prominent example is the DSO peak power charge. Within the optimisation,
peak penalisation is modelled as a running annual maximum, which causes the solver
to treat every additional kilowatt of peak demand as incurring a cost for the entire
remaining year. In practice, however, peak capacity charges are settled on a monthly
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basis: the highest 15-minute net import recorded during each calendar month
determines the charge for that month alone. Post-processing therefore reconstructs
the peak cost by scanning the committed power profiles month by month, identifying
the maximum grid import in each period, and multiplying by the applicable DSO
rate, yielding the actual billed peak cost rather than the surrogate penalty used
during optimisation.

A second incentive term is the BESS cycling cost Ceyaing (Equation (A.3)), which
penalises battery throughput to approximate degradation-related wear and discourage
excessive cycling. Because this penalty is a modelling artefact rather than a billing
item in an invoice, it is excluded from the reported system costs and treated solely
as a penalty. The true degradation impact is instead captured through the BESS
capital replacement cost in the NPV and PBP calculations.

For analogous reasons, the direct charging penalty term Ppc and the linearisation
artefacts introduced by auxiliary variables are stripped from the post-processed cost
stream before any financial KPI is computed. The final electricity and heat costs
reported for each scenario therefore reflect only tariff components that correspond to
real invoice line items: spot-price procurement, transmission fees, the energy tax, the
DSO subscription and monthly peak charges, district heating energy and capacity
fees, and the solar production tax where applicable. All performance metrics defined
in Section 3.4 are derived from this reconciled cost representation.

3.4 Performance Evaluation Framework

The optimisation model outputs are evaluated using a set of KPIs that measure
energy efficiency, economic viability, and environmental impact. Each metric is
designed to support scenario comparison and technology assessment.

3.4.1 Energy Performance Metrics

Self-Consumption

Self-consumption measures the fraction of locally generated solar energy that is used
within the community rather than exported to the grid.

g — Epviused tocally (3.63)

E PV,generated

where Epy ysed locally 1S the annual solar energy consumed by buildings, storage, and
CPs (including GSHP), and Epy generated 15 the total annual PV generation. SC is
expressed as a percentage; higher values indicate better local utilization of solar
generation. SC is constrained to the range [0, 1] and accounts for temporal mismatch
between PV generation and demand patterns.
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Self-Sufficiency

Self-sufficiency measures the fraction of total electricity demand met by locally
generated solar energy.

E used loca.
g — EPVaused ocally (3.64)
Etotal demand

where Eliotal demand 18 the annual electricity consumed by all buildings, heating systems,
and EV CPs. Unlike SC, SS can exceed 1 when seasonal storage (BESS/V2G) enables
supply of stored solar to future demand. SS quantifies the community’s independence
from grid electricity and is used to assess whether installed PV capacity meets
strategic energy independence targets.

Grid Import Difference

The reduction in grid electricity imports is measured as the absolute change in
annual import energy and the relative percentage reduction compared to the baseline
scenario.

AEimport = Eimport,baseline — Eimport,optimized [kWh] (365)

AL import

E import,baseline

Import Difference % = x 100 (3.66)

Import reduction reflects the combined effect of PV generation, local storage, V2G
discharge, and demand-side management. Reduction in imports directly lowers
electricity supplier costs and network fees.

3.4.2 Financial Performance Metrics

Annual Savings & Annual Net Benefit

Annual savings represent the cost reduction achieved by the optimized scenario com-
pared to a baseline scenario with no renewable technologies or energy management.

Annual SaVingS - C’bauseline,annual - C'optimized,annual [SEK/yeaT] (367)

where Chageline annual includes grid electricity imports at spot prices plus all network
tariffs (transmission, subscription, peak charges), district heating costs, and taxes
(energy tax, VAT). Coptimized annual includes actual operational costs from the optimized
scenario including solar tax (where applicable) and GSHP electricity consumption.
Annual savings are calculated on a normalized annual basis even if the simulation
covers a different duration (e.g., 3-year rolling horizon).
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Annual net benefit is simply obtained by subtracting the additional annualised fixed
operation and maintenance (O&M) costs of the new systems from the annual savings.

Annual Net Benefit = Annual Savings — Cogn  [SEK /year] (3.68)

Net Present Value

NPV evaluates the long-term economic merit of the investment by discounting all
future cash flows to present value.

Tifetime A 1 Net B fit,
NPV = —CAPEX,.. + Z nnual Net Benefit;

t=1

. Z CAPEXreplacement,i
() L

)

(3.69)

where 7 is the discount rate (5 %, assumed), Tigetime 1S the system lifetime (assumed as
30 years for PV and GSHP, and 15 years for BESS), and CAPEX, cplacement ; accounts
for battery replacement if its technical lifetime is shorter than the system lifetime.
NPV > 0 indicates a financially positive investment, while NPV < 0 suggests the
investment does not recover its costs under the assumed discount rate and conditions.

Payback Period:

The time required for the annual net benefit to equal the original cost, useful as a
reference metric.

CAPEXtotal

imple PBP =
Simple Annual Net Benefit

[years] (3.70)

Values are expressed in years with one decimal place. PBP > system lifetime indicates
the investment does not pay for itself; such scenarios are flagged for further review.

3.4.3 Environmental Impact Metrics

CO, Emissions Avoidance

Emissions avoidance is calculated by comparing baseline district heating emissions
to emissions from a mixed heat supply (district heating and GSHP). The analysis
focuses exclusively on heat-related emissions.

Ebaseline = epH X Qheat,total [kgCOQ] (371)
Eith asup = epu X Qpu [kgCO,)] (3.72)
Avoided Emissions = Epaseline — Ewith gsap  [kgCO,) (3.73)
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where epy is the carbon intensity of district heating (see Appendix A.2.3), Qneat total
is the total annual heat demand, and ()py is the heat supplied by the district heating
system in the optimized scenario. Avoided emissions are expressed in kg CO5 and
as a percentage reduction relative to the baseline. This metric is most relevant for
scenarios with GSHP enabled; for scenarios with GSHP disabled, avoidance is zero.

3.4.4 Scenario Selection Methodology

Scenarios are evaluated using a multi-criteria trade-off approach in which no single
KPI dominates the decision. The evaluation hierarchy prioritizes economic viability
while incorporating environmental and operational considerations:

1. Primary screening: NPV must be positive and PBP must be feasible (within

the system lifetime). Scenarios failing this screen are deprioritized.

. Economic optimisation: Among feasible scenarios, the shortest PBP is

preferred, as it indicates faster capital recovery. When two scenarios have
similar PBP (within 0.2-0.3 years), the next criterion is used.

. Technology balance: For technology combinations (e.g., PV + BESS, or PV

+ BESS + GSHP), the “sweet spot” is sought: the minimum installed capacity
that achieves the bulk of operational benefits. This avoids over-sizing, which
increases CAPEX without proportional gains in annual savings. For example,
scenarios with PV capacity below or at the solar tax threshold (500 kWp) are
preferred as they avoid solar tax Appendix A.2.3.

. Operational performance: SC, SS, and grid import reduction are secondary

criteria used to assess system efficiency and resilience. These metrics guide
technology assessment.

. Environmental impact: CO, emissions avoidance is considered as a co-benefit

rather than a primary objective. When two scenarios have similar economic
merit (PBP and NPV within tolerance), the scenario with higher emissions
reduction is preferred. Trade-offs are made explicit: for instance, accepting
increases in PBP is justified if emissions avoidance improves substantially.

This approach ensures that investments are economically sound (positive NPV,
acceptable PBP) while steering toward solutions with lower environmental impact
and robust operational performance.
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3.5 Scenario Matrix

A comprehensive scenario matrix of 34 scenarios (S-01 through S-33, plus S-Ola)
evaluates the techno-economic feasibility of a LEC in a retail setting. Scenarios
progress from baseline configurations through fully integrated multi-technology
systems with alternative EV integration pathways. Table 3.19 presents all technology
parameters; detailed phase-specific analysis follows, evaluating total system cost,
self-consumption, self-sufficiency, reduced energy imports, CO5 emissions avoidance,
and economic performance metrics.

Table 3.19: Complete scenario matrix: technology parameters for all scenarios.

Scenario PV [m?] BESS [kWh] BESS [kW] GSHP [kWy] # CP EV Mode

S-01 0 0 0 0 — —

S-01a 0 0 0 0 — —

S-02 2,000 0 0 0 — —

S-03 2,500 0 0 0

S-04 4,000 0 0 0 — —

S-05 6,000 0 0 0 — —

S-06 8,000 0 0 0 — —

S-07 2,000 257 125 0 — —

S-08 2,500 257 125 0 — —

S-09 2,500 514 125 0 — —

S-10 4,000 257 125 0 — —

S-11 4,000 514 125 0 — —

S-12 6,000 514 125 0 — —

S-13 6,000 771 125 0 — —

S-14 8,000 514 125 0 — —

S-15 8,000 771 125 0 — —

S-16 2,500 257 125 100

S-17 2,500 257 125 300 — —

S-18 2,500 257 125 500 — —

S-19 2,500 257 125 700 — —

S-20 2,500 257 125 500 — —

S-21 3,500 514 125 500 — —

S-22 5,000 514 257 500 — —

S-23 3,500 771 125 500 — —

S-24 5,000 771 257 500 — —

S-25 5,000 771 257 500 5 DC
S-26 5,000 771 257 500 15 DC
S-27 5,000 771 257 500 30 DC
S-28 5,000 771 257 500 5 V1G
S-29 5,000 771 257 500 15 V1G
S-30 5,000 771 257 500 30 V1G
S-31 5,000 771 257 500 5 V2G
S-32 5,000 771 257 500 15 V2G
S-33 5,000 771 257 500 30 V2G

3.5.1 Baseline Scenarios

Two baseline scenarios establish reference points for comparison. S-01 represents
the business-as-usual case with independent facility operation and no renewable
energy, storage, or thermal technologies. S-0la extends this baseline to include both
buildings of the system, again operating independently with no energy management
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coordination, serving as the reference point for total system costs. These scenarios
establish the cost baseline against which all subsequent technology integration
scenarios are evaluated.

3.5.2 Scenario Structure

Phase 1: Solar-Only (S-02 to S-06)

These scenarios investigate the stand-alone value of PV generation without comple-
mentary storage or flexibility technologies (Table 3.20).

Table 3.20: Phase 1: Solar-only scenarios.

Scenario PV [m?]

S-02 2,000
S-03 2,500
S-04 4,000
S-05 6,000
S-06 8,000

These scenarios establish the potential for PV self-consumption and grid energy
reduction independent of storage. Minimal cost reductions on non-summer days due
to limited winter solar generation is expected, highlighting the need for complementary
storage and other flexibility measures.

Phase 2: Solar with Battery Storage (S-07 to S-15)

This phase examines the combined value of PV and BESS for peak shaving, load
shifting, and improved energy self-sufficiency, without thermal decarbonization

(Table 3.21).

Table 3.21: Phase 2: solar with BESS scenarios.

Scenario PV [m?] BESS [kWh] BESS [kW]

S-07 2,000 257 125
S-08 2,500 257 125
S-09 2,500 514 125
S-10 4,000 257 125
S-11 4,000 514 125
S-12 6,000 514 125
S-13 6,000 771 125
S-14 8,000 514 125
S-15 8,000 771 125

These scenarios quantify the value of BESS for peak shaving and SC optimization.
Selection of an optimal combination (Combination A) is based on total system cost,
SC, SS, as well as economic performance in terms of PBP and NPV.
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Phase 3: Ground Source Heat Pump Integration (S-16 to S-19)

This phase explores thermal decarbonization through GSHP technology with fixed
electrical and storage components, without LEC coordination (Table 3.22). Phase 3
fixes PV array size at 2,500 m? and BESS at 257 kWh (Combination A from Phase

2) and varies GSHP capacity.

Table 3.22: Phase 3: ground source heat pump integration scenarios.

Scenario PV [m?] BESS [kWh] BESS [kW] GSHP [kW,]

S-16 2,500 257 125 100
S-17 2,500 257 125 300
S-18 2,500 257 125 500
S-19 2,500 257 125 700

These scenarios assess the stand-alone techno-economic and environmental perfor-
mance of GSHP technology for heating decarbonization in combination with the PV
and BESS baseline. Selection of an optimal GSHP sizing (Combination B) is based
on system cost, economic performance, and CO, emissions avoidance potential.

Phase 4: Complete LEC Operation (S-20 to S-24)

This phase integrates all three technology pillars; PV, BESS, and GSHP (fixed at
500 kW) within a fully coordinated LEC framework before evaluating EV integration
(Table 3.23).

Table 3.23: Phase 4: complete LEC operation scenarios.

Scenario PV [m?] BESS [kWh] BESS [kW] GSHP [KWy,]

S-20 2,500 257 125 500
S-21 3,500 514 125 500
S-22 5,000 514 257 500
S-23 3,500 771 125 500
S-24 5,000 771 257 500

These scenarios demonstrate the integrated operation of the complete LEC system
with joint optimization of renewable generation, storage, and thermal supply across
both facilities. When loads are aggregated, additional capacity of both PV and
BESS is required to maintain cost-effectiveness. The optimal integrated configuration
(Combination C) is selected based on total system cost, SS, SC, and economic
performance (NPV and PBP). CO, emissions avoidance remains unchanged from
Phase 3 as heating is specific to the main building.
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Phase 5: EV Integration Pathways (S-25 to S-33)

Three alternative EV integration pathways are examined with increasing charging
point densities (Tables 3.24, 3.25, 3.26). These represent technology alternatives
overlaid on the complete LEC configuration, Combination C, which fixes the PV
array size at 5,000 m?, BESS at 771 kWh / 257kW and GSHP at 500 kW.

Table 3.24: Phase 5: direct charging scenarios.

Scenario PV [m?] BESS [kWh] GSHP [kW,] # CP EV Mode

S-25 5,000 771 500 5 DC
S-26 5,000 771 500 15 DC
S-27 5,000 771 500 30 DC

Table 3.25: Phase 5: smart charging scenarios.

Scenario PV [m?] BESS [kWh] GSHP [kW,] # CP EV Mode

S-28 5,000 771 500 5 V1G
5-29 5,000 771 500 15 V1G
S-30 5,000 771 500 30 V1G

Table 3.26: Phase 5: vehicle-to-grid scenarios.

Scenario PV [m?] BESS [kWh] GSHP [kW,] # CP EV Mode

S-31 5,000 771 500 5 V2G
S-32 5,000 771 500 15 V2G
S-33 5,000 771 500 30 V2G

These scenarios investigate the impact of EV integration strategy and charging
infrastructure density on system economics and grid interaction.

Notes on Scenario Design

EV integration (S-25 to S-33) is evaluated on top of the complete LEC configuration
(S-24) rather than introducing EVs at earlier phases. This approach reflects the
practical reality that EV presence increases system-wide electricity demand and
associated costs across all charging modes; the cost advantage derives from the
charging strategy employed, not from whether EVs are present.

By sequencing LEC optimization before EV integration, we avoid combinatorial
scenario explosion while preserving distinct value propositions: LEC coordination
optimizes renewable integration, storage utilization, and thermal-electrical synergies
for the buildings themselves, while EV charging strategy optimization determines how
to manage additional vehicle charging most efficiently within the established LEC
framework. Within each charging paradigm, scenarios are evaluated at three charging
point densities (5, 15, and 30) to establish the relationship between infrastructure
scale and system economics.
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3.6 Sensitivity Analysis

Six parameters are tested across S-18 and S-31: electricity tariff level, spot price
level, spot price volatility, BESS cycling cost, GSHP COP, and charging point power
rating. The first five apply a continuous multiplier in the range 0.6-1.4; the charging
point analysis instead uses four discrete power ratings (5, 11, 22, and 50 kW), with
11 kW serving as the reference baseline. Each parameter is varied independently
while all others are held at their reference values.

3.6.1 Electricity Tariffs

A uniform multiplier (ranging from 0.60 to 1.40) is applied to consumption-specific
tariffs: the electricity transmission fee and transmission health incentive. Fixed,
capacity-based, and legislated charges are held constant, as these are independent of
consumption level or are regulatory obligations. The analysis is applied to S-18 and
S-31, serving as the reference scenarios for SAG1 and SAG2 respectively. Output
metrics are total system cost, grid energy imports, and BESS discharge, reported as
relative changes. Results pertaining to electricity tariffs are reported in Sections 4.5
and 4.8.

3.6.2 Spot Price Level

A uniform multiplier (ranging from 0.60 to 1.40) is applied to the full spot price
profile for the simulation period, scaling all prices proportionally. This represents a
scenario in which the overall electricity market price level is higher or lower than
the historical 20232025 reference period, as may arise from shifts in hydro reservoir
levels, cross-border transmission constraints, or fuel price changes. The analysis is
applied to both S-18 and S-31, with total system cost, grid energy imports, and BESS
discharge as output metrics, all reported as relative changes. Results pertaining to
spot price level are reported in Sections 4.5 and 4.8.

3.6.3 Spot Price Volatility

Rather than shifting the mean price level, this analysis tests the sensitivity of results
to changes in price volatility while keeping the mean price constant. A volatility
factor «v is applied to the deviations of spot prices from their temporal mean:

M=X+ta(M—)), VteT (3.74)

where )\ is the original spot price at time-step ¢, X is the mean spot price over the
simulation period, and )\, is the modified price. A factor o > 1 amplifies price peaks
and troughs while preserving the mean, increasing the potential arbitrage value of
BESS and V2G dispatch; conversely, a factor o < 1 compresses the price distribution
towards the mean, reducing the spread between high and low price periods and
diminishing the incentive for flexible dispatch. Both directions are assessed: factors
below unity (« € {0.6, 0.7, 0.8, 0.9}) represent a flatter price regime, while factors
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above (a € {1.1, 1.2, 1.3, 1.4}) reflect the expected trend of greater price variability
as variable renewable generation penetration rises, with Figure 3.6 showcasing these
effects. The analysis is applied to both S-18 and S-31, with total system cost, grid
energy imports, and BESS discharge as output metrics, all reported as relative
changes. Results pertaining to spot price volatility are reported in Sections 4.5
and 4.8.

Spot Price Volatility Sensitivity - 9 July 2026
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Figure 3.6: Effect of different volatility prices applied to the spot price profile.

3.6.4 BESS Cycling Cost

A multiplier (ranging from 0.60 to 1.40) is applied to the cycling cost parameter
Ceye, Which penalises BESS throughput in the objective function to represent battery
degradation wear. This analysis is applied to S-18 only, as it is the scenario in which
BESS dispatch is the primary flexibility mechanism. A higher cycling cost discourages
frequent charge—discharge cycles; a lower value incentivises deeper and more frequent
utilisation. Total system cost, grid energy imports, and BESS discharge as output
relative change are tracked, with results reported in Section 4.5.

3.6.5 GSHP Coefficient of Performance

A multiplier (ranging from 0.60 to 1.40) is applied to the full COP heating curve
of the GSHP, scaling electrical-to-thermal conversion efficiency uniformly across all
outdoor temperature points, capturing uncertainty in the Carnot-based COP model.
A higher COP reduces the electrical consumption required to meet a given heat
demand, improving the economic case for GSHP relative to district heating. The
analysis is applied to S-18, with total system cost, grid energy imports, GSHP/DH
utilisation rate, and avoided emissions as output metrics, all reported as relative
changes. Results pertaining to GSHP COP are reported in Section 4.5
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3.6.6 Charging Point Power Rating

Rather than a multiplier-based analysis this one evaluates the effect of four discrete
CP power ratings (7.4, 11, 22, and 50 kW) on system performance and economics,
with 11 kW serving as the reference baseline. The CP rating determines the maximum
charging and discharging power per session, directly affecting the speed of EV energy
exchange and the magnitude of V2G contributions to the LEC. This analysis is
applied to S-31 and is reported separately from the multiplier-based SAG2 parameters.
Output metrics are total system cost, grid energy imports, and BESS discharge
volume, all reported as relative changes with respect to the 11 kW reference rating.
Results pertaining to CP power rating are reported in Section 4.8.
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Results

This chapter presents the results of the 34-scenario matrix, organised into five
progressive phases: solar-only configurations, PV with BESS, GSHP integration,
complete two-building LEC operation, and EV charging pathways (see Section 3.5).
Each section reports the best-performing scenario within its phase, defined by the
selection methodology in Section 3.5, and full KPI tables for all scenarios are provided
in Appendix B. Sensitivity analyses on the full single-store configuration (SAG1)
and the complete LEC with V2G (SAG2) follow their respective reference sections.

4.1 Model Validation

To ensure the optimisation model produces reliable results for scenario analysis,
validation was conducted through energy balance verification, cost reconciliation
against real billing data, and feasibility testing across diverse system configurations.
It is acknowledged that the technology configurations introduced in Phases 1-5 of
the scenario matrix (BESS, GSHP, and EV charging) cannot be validated against
measured operational data, as none of these systems are currently installed at the
case study sites. Validation is therefore limited to confirming that the model correctly
represents the existing system (baseline configuration, S-01 and S-0la) and behaves
consistently across the full range of simulated technology portfolios.

Energy Balance Verification

The model enforces energy balance constraints at each 15-minute time step for both
electricity and thermal energy. At the electricity level, power supply from grid
import, PV generation, and BESS discharge equals power demand from buildings,
heating systems, CPs, and battery charging at every time-step. Similarly, thermal
energy produced by the district heating system and GSHP equals total building
heat demand at every time-step. These constraints are explicitly enforced in the
MILP formulation (Section 3.1.7), ensuring conservation of energy across all system
boundaries by construction. No post-optimization energy balance check is therefore
required as satisfaction of the constraints is a prerequisite for solver feasibility.

Cost Reconciliation

The baseline scenarios (S-01 and SOla) were run using real 2025 operational data:
measured load profiles, actual spot prices, and the tariff rates described in Ap-
pendix A.2, for both the main store and the secondary building. The simulated
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annual costs were compared against internal company billing records for the same
period. The 2025 period was selected as it offers the most complete overlap between
model inputs, billed data, and independently verifiable tariff schedules. Results are
reported as relative deviations from billed totals, absolute values are withheld for
confidentiality.

Table 4.1 summarises the cost reconciliation results. The model reproduces billed
electricity costs for both buildings within 0.76 %, confirming accurate representation
of spot price exposure and DSO peak power charges under real operating conditions.
District heating costs for the main store show a larger deviation of approximately
10.74 %, attributable to the return water temperature reimbursement mechanism
described in Appendix A.1, which is not captured in the model and results in
a systematic overestimation of district heating costs. Accounting for this known
omission, the total system deviation is 2.75 %, which is considered acceptable given
that the same cost structure is applied uniformly across all scenarios, leaving relative
comparisons between scenarios unaffected.

Table 4.1: Cost reconciliation results for the 2025 baseline scenarios.

Cost Category Building Relative Deviation [%]
Electricity Main store 0.76 %
Electricity Secondary building 0.02%
District heating Main store 10.74 %
Total system Both buildings 2.75 %

Feasibility Testing and Solver Performance

The model was exercised across the full scenario matrix, varying PV capacity (0—
1,000 kWp), BESS energy capacity (0-771kWh), GSHP thermal capacity (0-700 kW),
and the number of active CPs and EV charging modes. All configurations solved
successfully, with no infeasible instances recorded across the full three-year simulation
horizon (1,095 daily MILP instances per scenario). All daily optimisation instances
converged within the specified MIP gap tolerance of 0.1 % (Section 3.1.1), confirming
numerical stability across the full range of technology portfolios and operational
scales.
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4.2 Solar-Only Scenarios

Building on the validated base scenario (S-01), five PV system sizes corresponding
to available effective areas at the main store were evaluated. Table 4.2 summarises
the economic and energy performance KPIs of S-03, the largest feasible installation
at 2,500m? (500 kWp), achieves the best outcome across all metrics, reducing annual
electricity costs by 12.8% relative to the base scenario, with a SC ratio of 100% and
a PBP of 11.5 years.

Table 4.2: S-03 performance KPIs, Phase 1 best scenario.

KPI Value Units
SC 100 %
SS 18 %
Electricity Import Reduction — 17.6 %
Electricity Cost Reduction 12.8 %
Annual Savings 429  kSEK
CAPEX 4 MSEK
NPV 1.4 MSEK
PBP 11.5  years

Figure 4.1 illustrates the mechanism behind these savings on a representative summer
day. PV generation covers a large share of demand during daytime, reducing net grid
import. However, the solar generation window does not coincide with the highest
spot price hours, especially the evening peak price, leaving morning and evening
demand peaks, which coincide with the highest spot price hours, unaddressed by
solar generation alone.

Electricity Profile - 09 July 2025
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Solar PV (Self-consumed)
Solar PV (Export)
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Figure 4.1: Electricity profile on a representative summer day, S-03.

On a representative winter day, however (Figure 4.2), the shortened generation
window and lower solar elevation limit PV output to a marginal contribution relative
to building demand, leaving the system almost entirely dependent on grid imports
throughout the day. This highlights the core limitation of a solar-only configuration.
In the absence of storage, the system has no mechanism to shift or buffer energy,
and flexibility is effectively zero outside summer daylight hours.
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Electricity Profile - 16 February 2025
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Figure 4.2: Electricity profile on a representative winter day, S-03.

4.3 Solar PV & BESS Scenarios

The solar-only analysis revealed a clear opportunity for BESS integration. While
S-03 achieves full SC of on-site generation, the absence of storage means that solar-
displaced grid imports are concentrated in midday hours, leaving morning and evening
demand peaks (which coincide with the highest spot prices) unaddressed. To exploit
this, nine scenarios combining three PV array sizes with three BESS configurations
were assessed in Phase 2 of the scenario matrix. Table 4.3 summarises the KPIs for
S-08 (the best-performing scenario in this phase) pairing a 2,500 m? (500 kWp) PV
array with a 257 kWh BESS rated at 125 kW. Relative to the base scenario S-01, S-08
achieves a 14.1 % reduction in total electricity costs and maintains a self-consumption
ratio of 100 %, matching S-03. The CAPEX addition of the BESS extends the PBP
by approximately one year relative to S-03, with a positive NPV.

Table 4.3: S-08 performance KPIs, Phase 2 best scenario.

KPI Value Units
SC 100 %
SS 17.6 %
Electricity Import Reduction — 17.6 %
Electricity Cost Reduction 14.1 %
Annual Savings 475  kSEK
CAPEX 4.7 MSEK
NPV 0.8 MSEK
PBP 12.4  years
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Figure 4.3 illustrates the BESS dispatch strategy on a representative summer day.
During low-price overnight hours, the BESS charges from the grid, building stored
energy ahead of the opening of the sore. At store opening, it discharges in complement
with solar generation, enabling the building to operate with minimal grid imports
for several hours. As solar irradiance peaks around midday and spot prices fall,
the BESS recharges from surplus PV generation. It then discharges again into the
evening peak period, when spot prices recover and solar generation ceases, the precise
interval that the solar-only scenarios were unable to address.

Electricity Profile - 09 July 2025
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(a) Electricity profile on a representative summer day, showing PV generation, grid

imports, and net building demand.
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(b) BESS SoC against the spot price profile on a summer day.

Figure 4.3: Operational dispatch of scenario S-08 on a representative summer day,
showing the interplay between PV generation, BESS arbitrage, and grid interaction
under the Swedish day-ahead spot price signal.

On a representative winter day (Figure 4.4), the absence of meaningful PV generation
removes the midday charging opportunity that drives arbitrage in summer. The
BESS instead charges during the noon low-price window and only discharges to the
single highest-price peak of the day, reflecting a more conservative dispatch regime
dictated by the winter price profile.
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Electricity Profile - 16 February 2025
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(a) Electricity profile on a representative winter day, showing PV generation, grid

imports, and net building demand.
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(b) BESS SoC against the spot price profile on a winter day.

Figure 4.4: Operational dispatch of BESS on a representative winter day, showing
the interplay between marginal PV generation, BESS arbitrage, and grid interaction
under the Swedish day-ahead spot price signal.

4.4 GSHP Integration Scenarios

Four scenarios varying GSHP thermal capacity were assessed on top of S-08 in Phase
3 of the scenario matrix. S-18, equipped with a 500 kW GSHP, delivers the best
overall performance across all metrics and is reported in Table 4.4. The GSHP
introduces an additional electrical load, increasing grid imports by approximately
15 % relative to S-08. However, by displacing the most expensive tier of the two-part
DH tariff structure, it achieves a 14 % reduction in total energy costs compared to
S-01 and avoids 67 % of CO, emissions, yielding a PBP of 9.6 years and a positive
NPV.

Figure 4.5 illustrates the GSHP dispatch on a representative winter day. The DH
connection covers the base thermal load continuously, while the GSHP activates
to serve demand peaks, operating as a top-up supply. However, this peak-covering
operation introduces a constraint: the additional electrical load from the GSHP
compressor risks pushing net grid imports above the contracted capacity threshold,
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Table 4.4: S-18 performance KPIs, Phase 3 best scenario.

KPI Value Units
SC 100 %
SS 17.6 %
CO, Avoidance 66.7 %
Electricity Import Reduction 2 %
Electricity Cost Reduction 3 %
Heat Cost Reduction 34 %
Annual Savings 736  kSEK
CAPEX 59 MSEK
NPV 3.2 MSEK
PBP 9.6  years

triggering DSO peak penalties. The optimiser therefore balances thermal peak
coverage against electrical peak exposure, deploying the GSHP selectively during
intervals where the incremental compressor load does not cause a new grid import
peak.

Heat Profile - 16 February 2025
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Figure 4.5: Thermal supply profile on a representative winter day, S-18.

4.5 Sensitivity Analysis on Full Store Operation

S-18 represents the most complete single-building configuration modelled, integrating
PV, BESS, and GSHP, and serves as the reference point for the first sensitivity
analysis group (SAG1). Five parameters are varied independently across the range
0.6x—1.4x their baseline values: electricity tariffs (SA-1), spot price level (SA-2),
spot price volatility (SA-2a), BESS cycling cost (SA-3), and GSHP coefficient of
performance (SA-5). Figures 4.6 to 4.8 report the relative change in total energy
cost, energy imports, and BESS discharge respectively across all five parameters.

Total Energy Cost

Spot price level (SA-2) produces the largest response, with total costs ranging from
approximately —13 % at 0.6x to +12% at 1.4x relative to the S-18 baseline. The
GSHP coefficient of performance (SA-5) yields a moderate effect in the opposing
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direction, reaching approximately +4 % at 0.6x and —3 % at 1.4x. Electricity tariffs
(SA-1), spot price volatility (SA-2a), and BESS cycling cost (SA-3) all remain within
+2 % across the full range.

SAG1: % Total Cost Comparison Across All Sensitivity Analyses
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Figure 4.6: SAGI1: relative change in total energy cost across all sensitivity
parameters. Reference scenario: S-18.

Electricity Imports

All parameters produce changes below 4+5 % in energy imports. Spot price level (SA-
2) shows a quasi-linear decreasing response, reaching approximately —3 % at 1.4x.
The COP sensitivity (SA-5) exhibits a non-linear profile, with imports rising sharply
by approximately +3.3% at 0.6x and flattening above the baseline. Spot price
volatility (SA-2a) produces a small symmetric response peaking at +1 %. Electricity
tariffs (SA-1) and BESS cycling cost (SA-3) show negligible variation throughout.

SAG1: % Energy Imports Comparison Across All Sensitivity Analyses
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Figure 4.7: SAGI1: relative change in electricity imports across all sensitivity
parameters. Reference scenario: S-18.
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BESS Discharge

Spot price volatility (SA-2a) produces the largest range of any parameter in SAG1,
with BESS discharge increasing by approximately +18 % at 1.4x and decreasing
by —22 % at 0.6x. Spot price level (SA-2) has a secondary positive effect, reaching
approximately +8 % at 1.4x. Electricity tariffs (SA-1), BESS cycling cost (SA-3),
and COP (SA-5) all remain within £1 % across the full parameter range.

SAG1: % BESS Discharge Comparison Across All Sensitivity Analyses
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Figure 4.8: SAG1: relative change in BESS discharge across all sensitivity parame-
ters. Reference scenario: S-18.

4.6 Complete LEC Operation Scenarios

The Phase 4 scenarios extend the S-18 configuration to the two-building LEC bound-
ary, adding the secondary store and scaling PV and BESS capacity to community
level. In addition to the inter-building energy sharing connection, these scenarios test
expanded PV and BESS capacities at the community level. Table 4.5 summarises the
KPIs for S-24, the best-performing scenario in Phase 4, pairing a 5,000 m? (1,000 kWp)
PV array with a 771 kWh BESS rated at 257 kW.

Table 4.5: S-24 performance KPIs, Phase 4 best scenario.

KPI Value Units
SC 100 %
SS 10.5 %
Electricity Import Reduc- 5.7 %
tion

Electricity Cost Reduction 5.6 %
Annual Savings 1.3 MSEK
CAPEX 11.4 MSEK
NPV 34 MSEK
PBP 11.1  years

Relative to the two-building base scenario (S-01a), S-24 achieves a 5.6% reduction
in total electricity costs and a 5.7% reduction in energy imports, maintaining a SC
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ratio of 100 %. After doubling the installed PV capacity and tripling the BESS
capacity relative to S-08, the scenario yields a PBP of 11.1 years and a positive NPV
of 3.4 MSEK, with annual savings of 1.3 MSEK.

4.7 EV Charging Integration Pathways

EV charging introduces additional electrical demand whose magnitude depends on
the number of charging points and sessions, but most critically on the charging
mode. The final nine scenarios (Phase five) build on S-24 to assess three charging
modes: DC, V1G , and V2G across three charging point densities (10, 20, and 30
CPs). Table 4.6 reports the KPIs for S-27, S-30, and S-33, corresponding to the
30 CP configuration in each mode, selected to enable direct mode comparison at
maximum fleet size. Reducing the number of charging points produces a near-linear
scaling of all reported metrics, the full results across all nine scenarios are provided
in Appendix B. All three modes increase grid imports relative to S-24, reflected
in negative import reduction values, as the EV fleet adds net electrical demand
regardless of dispatch flexibility. However, the cost and savings outcomes diverge
across modes: DC (S-27) incurs the highest import increase (3.6 %) and the largest
cost penalty (2.2%) relative to S-24, while V2G (S-33) limits the cost impact to
0.2 % and achieves the lowest annual cost increase of 24 kSEK.

Table 4.6: S-27, S-30, and S-33 performance KPIs, Phase 5 - 30 CP.

KPI S-27 S-30 S-33 Units
Charging Mode DC VIG V2G -
Self-Consumption 100 100 100 %
Self-Sufficiency 10 103 102 %
Electricity Import Increase 36 25 27 %
Electricity Cost Increase 22 1 02 %
Annual Savings (S-24) -289 -104 -24 kSEK

Figures 4.9 to 4.11 illustrate the flexibility asset dispatch on the same representa-
tive summer day across the three charging modes. In S-27 (DC), EV charging is
uncontrolled and distributed relatively uniformly throughout store opening hours.
In S-30 (V1G), the optimiser redistributes EV charging away from the evening
hours towards the lower-price morning and midday window, visibly reducing the
orange V2G charging contribution during the late afternoon peak. In S-33 (V2G),
bidirectional operation introduces discharge events below zero: EVs inject power back
into the LEC during the late-evening spot price peak (around 20:00), supplementing
BESS discharge.
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Figure 4.9: DC behaviour on a representative summer day, S-27 (DC, 30 CP).
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Figure 4.10: V1G behaviour on a representative summer day;,
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Figure 4.11: V2G behaviour on a representative summer day, S-33 (V2G, 30 CP).
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4.8 Sensitivity Analysis on LEC with EV Charging

S-31 is the complete LEC configuration with V2G charging at 5 charging points,
and serves as the reference scenario for the second sensitivity analysis group (SAG2).
As defined in Section 3.6, SAG2 covers three market and tariff parameters only:
electricity tariffs (SA-1), spot price level (SA-2), and spot price volatility (SA-2a).
Each parameter is varied independently across 0.6x—1.4x its baseline value. An
additional stand-alone analysis (SAG2-3) examines the effect of V2G charger power
rating across discrete CP rating values of 5, 11, 22, and 50 kW. Figures 4.12 to 4.14
report the relative change in total energy cost, energy imports, and BESS discharge
across the three multiplier-based parameters. Figure 4.15 reports the response to
CP rating variation.

Total Energy Cost

Spot price level (SA-2) is the dominant driver of total cost in SAG2, producing a
near-linear response ranging from approximately —17% at 0.6x to +16 % at 1.4x,
while electricity tariffs (SA-1) and spot price volatility (SA-2a) both remain within
+1.5% across the full range, with their responses overlapping closely throughout.

SAG2: % Total Cost Comparison Across All Sensitivity Analyses
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Figure 4.12: SAG2: relative change in total energy cost across sensitivity parameters.
Reference scenario: S-31.

Electricity Imports

Spot price level (SA-2) produces a quasi-linear decreasing import response, from
approximately +1.3% at 0.6x to —0.9% at 1.4x.Furthermore, spot price volatility
(SA-2a) follows a similar trend at a slightly reduced magnitude, reaching approxi-
mately +0.5% at 0.6x and —0.3 % at 1.4x. Electricity tariffs (SA-1) show negligible
variation throughout.
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SAG2: % Energy Imports Comparison Across All Sensitivity Analyses
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Figure 4.13: SAG2: relative change in electricity imports across sensitivity param-
eters. Reference scenario: S-31.

BESS Discharge

Spot price volatility (SA-2a) is the dominant driver of BESS discharge, ranging from
approximately —22 % at 0.6x to +17 % at 1.4x. Additionally, spot price level (SA-2)
produces a secondary response of similar shape but smaller magnitude, reaching
approximately —12 % and +7 % at the respective extremes. Electricity tariffs (SA-1)
remain within +1% .

SAG2: % BESS Discharge Comparison Across All Sensitivity Analyses
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Figure 4.14: SAG2: relative change in BESS discharge throughput across sensitivity
parameters. Reference scenario: S-31.

Charging Point Power Rating

Figure 4.15 reports the effect of CP power rating on the three metrics for S-31.
Total cost decreases as CP rating increases, falling by approximately 0.6 % at 50 kW
relative to the 11 kW baseline. Energy imports and BESS discharge both increase
with higher CP ratings, reaching approximately 40.25 % and +0.175 % respectively

67



4. Results

at B0 kW. At the lowest rating of 5 kW, total cost rises slightly above baseline while
imports fall marginally, reflecting the reduced V2G discharge capacity available at
lower power ratings.

SAG2-3: V2G Charger Rating Sensitivity
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Figure 4.15: SAG2: relative change in total cost, energy imports, and BESS
discharge as a function of V2G charger power rating. Reference scenario: S-31 11 kW
baseline rating).
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Discussion

This chapter interprets the results presented in Chapter 4, evaluating the techno-
economic and environmental performance of each technology phase against the
research questions defined in Section 1.3.1. The discussion follows the same pro-
gressive structure as the scenario matrix, moving from solar-only configurations
through full LEC operation with EV charging integration, before addressing the
GSHP investment case and the implications of the sensitivity analysis. Complete
scenario and sensitivity results for all 34 scenarios are reported in Appendix B.

5.1 Techno-Economic Performance

Adding solar PV to the main building naturally displaces electricity imports during
daytime hours, shifting residual grid dependency towards the morning and evening
periods when irradiance is absent. Reviewing the results of the solar-only scenarios
(S-02 to S-06), reported in Appendix B.1.2, larger installed capacities progressively
increase generation volume and drive SS consistently upward. SC follows a different
trajectory: the ratio increases up to the solar tax threshold at 500 kWp, beyond which
it declines. Once this threshold is crossed, every kilowatt-hour of solar generation
that is self-consumed becomes subject to the full electricity tax. The optimiser must
therefore weight self-consumption against grid export on a time-step basis: when the
spot price is sufficiently high, selling to the grid yields a net profit, making export
the preferred option over self-consumption. This price-dependent dispatch behaviour
explains the decline in SC beyond the threshold, and is confirmed by the electricity
cost breakdown, where income from the transmission health incentive grows by
approximately one order of magnitude between S-03 and S-04 (see Table B.2), while
electricity supply costs decrease as grid imports are progressively displaced.

Considering only SC, SS, and operational costs, larger systems would appear uncon-
ditionally attractive. However, when economic performance is assessed, exceeding
the 500 kWp threshold is not financially viable. The deterioration is not driven by
electricity costs, which continue to fall, but by the compounding effect of higher
CAPEX, O&M costs, and tax penalties that increasingly erode the NPV and push
the PBP close to the assumed system lifetime of 30 years for PV. This establishes
a clear economic optimum precisely below the solar tax threshold (S-02), where
financial performance is maximized. However, if SS is factored into the decision, a
gain of 4% justifies an increased PBP of 0.1 years, making S-03 the preferred option.
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As established in Section 4.2, a solar-only configuration captures daytime import
displacement but leaves morning and evening demand peaks, which coincide with the
highest spot prices, unaddressed. BESS closes this gap by charging during low-price
midday hours and discharging into the high-price periods that solar generation alone
cannot reach, directly addressing the first research question regarding the economic
and operational value of integrating BESS with on-site solar PV.

Reviewing the results of scenarios S-07 to S-15, reported in Appendix B.1.3, SS and SC
follow a similar pattern to the solar-only cases with respect to installed PV capacity.
An interesting divergence appears, however, when examining the transmission health
incentive income across equivalent PV capacities with and without BESS. Below
the 500 kWp threshold, scenarios with BESS report lower incentive income than
their solar-only counterparts, as the optimiser preferentially dispatches stored energy
during high-price evening periods rather than exporting it. Above the threshold,
the relationship inverts: with the full electricity tax applying to every kilowatt-hour
of SC, the optimiser identifies additional arbitrage opportunities through storage,
holding energy to maximise export revenue at peak price moments, which increases
incentive income relative to the solar-only equivalent.

A notable operational pattern emerges around midday, when spot prices are at
their lowest and direct PV generation covers most of the store demand. The BESS
charges during this window, drawing additional power from the grid and transiently
increasing electricity import peaks relative to the base case. Crucially, these peaks
remain below the contracted capacity threshold, avoiding DSO peak power penalties.
The net effect is a reduction in total electricity costs, driven not by peak shaving
but by the cost-effective dispatch of stored energy into high-price evening hours.

Across the scenario matrix, larger PV and BESS capacities generally yield greater grid
import reductions (see Table B.3), directly addressing the second research question
on self-sufficiency and grid import reduction. However, when BESS capacity is varied
at a fixed PV array size and power rating, grid import reductions remain unchanged,
indicating that the binding constraint is the power rating rather than the energy
capacity. From a cycling perspective, larger BESS capacities exhibit lower cycle
counts over the simulation period than smaller ones. For example, a 771 kWh system
completes up to 980 full equivalent cycles, compared to approximately 1,130 for a
514 kWh system and 1,260 for a 257 kWh system. This inverse relationship between
capacity and cycling intensity is expected, as a larger battery distributes the same
daily energy throughput across a greater usable capacity. In all cases, annual cycle
counts remain well within the threshold assumed for battery lifetime estimation.

Regarding economic performance, the pattern established in the solar-only analysis
repeats, costs decrease up to the 500 kWp threshold, rise above it, and fall again at
higher capacities, this time driven by price arbitrage and increased export revenue
rather than import avoidance. The best-performing economically viable scenario
remains S-08, positioned precisely at the solar tax threshold, achieving a PBP of 12.4
years (approximately one year longer than the best solar-only scenario) reflecting
the additional BESS CAPEX. S-09, with double the battery capacity, delivers
meaningfully higher annual savings but also doubles the CAPEX and O&M costs,
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extending the PBP to 13.7 years. Combined with no improvement in grid import
reduction and marginally higher cycle wear, S-09 underperforms S-08 in the overall
techno-economic assessment.

A key strategic objective for the main store is to reduce its dependency on the
DH network, whose equivalent CO4 emissions are tied to the DSO’s fuel mix and
cannot be directly controlled by the company, limiting the scope for further im-
provements in carbon accounting. Scenarios S-16 to S-19, with complete results
reported in Table B.4, address this directly, providing the evidence base for the third
research question: whether replacing DH with a GSHP is economically attractive
under Swedish market conditions. Testing increasing GSHP capacities as a means
of displacing DH supply, the results show that this substitution carries both an
environmental and an economic incentive: since a heat pump delivers COP times
more thermal energy per unit of electricity consumed than DH, displacing it with
GSHP reduces overall energy costs provided the electricity tariff is sufficiently low
relative to the DH tariff. It should be noted that electricity-related emissions are
not accounted for in this analysis, as the company holds mechanisms to offset these,
effectively achieving carbon neutrality on the electricity side.

Integrating a GSHP increases the site’s total electricity consumption, driving elec-
tricity costs up to approximately 98% of the base case level for the largest 700 kW
system, almost completely offsetting the gains achieved by PV and BESS in earlier
phases. However, this is not the complete picture as DH costs fall by up to 35%
relative to the S-08 configuration for the largest GSHP assessed, translating to a
reduction of approximately 14% against the base case and around 6% against S-08
in total energy cost terms.

The mechanism behind these savings lies in the GSHP’s operational role, rather
than serving the base thermal load, the GSHP is dispatched to cover demand peaks,
pushing DH back to a continuous base load. This avoids the peak tier of the two-part
DH tariff structure in most operating hours, which accounts for the substantial
cost reduction. On the electrical side, the optimiser consistently approaches the
contracted capacity threshold without exceeding it, deploying the GSHP selectively
during intervals where the incremental compressor load does not trigger a DSO peak
power penalty. This constraint explains why total energy savings grow considerably
up to a GSHP capacity of 300 kW (S-17), but plateau beyond that point, as larger
capacities cannot operate at full load for proportionally more hours without breaching
the electrical peak limit, dampening the marginal gain in thermal displacement and
energy savings.

From an economic standpoint, S-17 delivers the lowest PBP of 9.5 years across
all scenarios assessed to this point, lower even than the best solar-only configu-
ration, driven by the volume of combined electricity and DH savings. However,
when CO, emission avoidance is brought into the assessment, S-18 emerges as the
preferred configuration in direct response to the third research question. While it
does not achieve the largest absolute savings, it avoids approximately 12% more
emissions than S-17, at a trade-off of only 0.1 years increase in PBP. At this capacity,
the system avoids approximately 66.7% of baseline emissions while remaining the
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most economically attractive configuration when both financial and environmental
performance are considered jointly, confirming that GSHP integration is not only
environmentally justified but economically compelling under the Swedish market and
DH tariff conditions of this case study.

With all static flexibility measures implemented and evaluated for the main store,
the analysis is extended to a two-building LEC comprising the main store and its
higher-load neighbouring facility, returning to the first research question to assess
how LEC participation shapes the benefits already established at single-building
level. Scenarios S-20 to S-24, with complete results reported in Appendix B.1.5, not
only assess the operational and economic impact of connecting both buildings under
a shared energy management framework, but also explore expanded PV array and
BESS configurations (including higher power ratings) to ensure that the flexibility
potential of the larger combined load is not left unrealised. The two-building baseline
for this phase is S-0la, which simulates both stores operating independently without
any flexibility technologies.

The extension to a two-building LEC raises the solar self-consumption tax threshold
to 1,000 kWp, and the scenarios are designed to explore PV and BESS combinations
up to this limit. Given the lessons from the first two phases, exceeding the threshold
yields economically unattractive results, so these scenarios focus instead on expanding
BESS configurations within the feasible range. CO, emissions remain unchanged
across this phase, as the GSHP capacity is fixed from S-18. SC remains at 100%
throughout, as virtually all on-site generation is consumed within the community.
SS decreases relative to the single-building cases, as the secondary store’s additional
load dilutes the impact of larger PV and BESS systems.

As expected from earlier phases, higher BESS power ratings yield greater SS and
higher cycling, with cycle counts remaining well within the annual threshold assumed
for battery lifetime preservation. Higher power ratings also increase total system
electricity peaks, as the BESS can exchange energy at a faster rate, producing more
pronounced but short-duration import spikes during charging intervals.

In terms of energy performance, total electricity imports are reduced by up to
5.7% in S-24, the configuration with the highest installed PV and BESS capacities,
contributing to the second research question at community scale. S-20, which
connects both buildings without expanding flexibility resources, reduces imports
by only 0.7%, confirming that the inter-building connection alone provides limited
benefit and that additional flexibility capacity is needed to realise the community’s
potential. Annual energy cost savings range from approximately 6% to 10% across
the five scenarios relative to S-0la, which is lower than the reductions achieved in the
single-building configurations. This reflects the higher absolute cost base introduced
by the secondary store, but the LEC framework nonetheless delivers a net benefit to
the combined system that neither building could achieve independently.

From an economic standpoint, connecting the secondary building without additional
flexibility (S-20) already reduces the system PBP slightly, confirming a baseline
benefit from coordinated operation. Expanding to larger PV and BESS capacities
increases the PBP by approximately one year for the smallest LEC configurations
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and up to 1.5 years for the largest, relative to S-18. Critically, these costs are
shared across both participants: by jointly owning and benefiting from the expanded
infrastructure, both stores can split CAPEX and O&M obligations, making the
investment considerably more attractive than if either building pursued the same
configuration independently.

The best-performing scenario across the combined set of metrics is S-24. While it
carries one of the longer PBP within this phase, it achieves the highest total energy
cost savings and maintains a SS ratio of approximately 10.5% (higher than all other
LEC configurations) making it the recommended configuration for the complete
two-building system prior to EV integration.

The progressive electrification of road transport introduces a double-edged challenge
for building energy systems: while EVs represent a growing source of flexible storage
capacity, an uncontrolled charging fleet imposes additional and often poorly-timed
electricity demand that can erode the cost savings achieved by on-site generation
and storage, and in dense deployment scenarios, risk triggering DSO peak power
penalties. Managing how and when EVs charge is therefore not merely an optimisation
opportunity, it is an operational necessity as fleet sizes grow.

With the complete LEC configuration established in S-24, scenarios S-25 to S-33
assess how three EV charging modes across three CP densities affect the operational
economics of the system (full results are reported in Appendix B.1.6). Since EV
charging increases energy imports and costs regardless of mode, these scenarios are
benchmarked against S-24 rather than the baseline S-Ola, isolating the net impact of
EV integration on an already optimised system.

Direct Charging (S-25 to S-27)

In uncontrolled DC mode, EVs draw power from the grid as soon as they connect,
with no coordination with system dispatch. Electricity imports increase from 0.6%
at the lowest CP density to 3.6% at the highest, reducing annual savings relative
to S-24 by between 4% and 23%. The net EV charging cost ranges from 106 to
630 kSEK depending on CP density. EV energy demand as a share of total system
consumption ranges from 0.7% to 3.9%. These results illustrate the risk of unmanaged
charging: at high CP densities, the coincidence of EV demand with building peaks can
substantially deteriorate system economics and, if the contracted capacity threshold
were approached, trigger peak power penalties.

A notable consequence of uncontrolled DC charging is its effect on CO4 avoidance. As
EV load scales up, the inflexible and simultaneous nature of DC charging saturates
the system, pushing total demand towards the contracted capacity threshold. To
avoid peak penalty charges, the optimiser is forced to curtail the GSHP dispatch,
reducing its utilisation rate to as low as 60% at 30 charging points compared to
66.7% in the GSHP-only reference (see Table B.6). This creates a direct trade-off
between EV charging scale and thermal decarbonisation, as the GSHP is partially
displaced by district heating to accommodate the additional electrical load within
the capacity constraint.
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This limitation is effectively resolved by smart and bidirectional charging modes.
Under V1G and V2G, the optimiser redistributes charging demand away from peak-
risk periods, preserving sufficient headroom for full GSHP operation. As a result, DH
displacement remains at 67% across all V1G and V2G scenarios regardless of fleet size,
recovering the CO4 avoidance performance lost under DC charging and reinforcing
the case for controllable EV flexibility as a complement to thermal electrification.

Smart Charging (S-28 to S-30)

Introducing demand-responsive V1G allows the optimiser to shift EV charging
towards low-price, low-demand intervals, avoiding the cost penalties of uncontrolled
coincident demand. Electricity imports increase from only 0.4% at the lowest CP
density to 2.5% at the highest, and annual savings are reduced by just 1% to 8%
relative to S-24, a marked improvement over DC at every density level. The net EV
charging cost falls to between 60 and 360 kSEK, and EV energy as a share of total
demand ranges from 0.4% to 2.3%, reflecting the more efficient temporal allocation
of charging load.

Vehicle-to-Grid (S-31 to S-33)

V2G extends the smart charging logic by enabling bidirectional energy exchange:
EV batteries charge beyond their immediate session requirement during low-price
intervals and discharge a portion of that energy back into the system during high-price
periods, in exactly the same way a stationary BESS would. Approximately 34% of
the energy charged is subsequently discharged back into the LEC, performing price
arbitrage and reducing grid imports at the most expensive hours. This mechanism
brings the net EV charging cost to between 60 and 360 kSEK (identical to V1G),
but achieves the lowest system cost impact of any charging mode, reducing annual
savings relative to S-24 by only 0.3% to 2%. Electricity imports increase from 0.5%
to 2.7% across CP densities, and EV energy as a share of total demand ranges from
0.6% to 3.8%.

Conceptually, V2G transforms the EV fleet into a distributed, mobile battery system
that participates in community-level energy management. Unlike a stationary BESS,
however, EV batteries are not always available, their dispatch is constrained by
session presence, departure deadlines, and the need to respect minimum departure
SoC requirements. This intermittency limits the degree to which V2G can replicate
stationary storage, but the results demonstrate that even with a modest fleet at
low CP densities, the flexibility contribution is meaningful and the cost impact of
integrating EVs into the LEC can be reduced to near-negligible levels.

Taken together, these scenarios provide a direct answer to the first research question:
integrating BESS with solar PV and progressive EV charging flexibility delivers
measurable and scalable economic and operational benefits. V2G in particular
converts what would otherwise be a cost burden into an active flexibility resource,
one that becomes increasingly valuable as both EV penetration and electricity price
volatility continue to rise.
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5.2 Sensitivity Analysis Implications

5.2.1 SA on Main Store Operation

The first sensitivity analysis group (SAG1) evaluated five parameters against the full
single-store configuration S-18, which integrates PV, BESS, and GSHP. The results
reveal a clear hierarchy of influence across the three tracked metrics, with spot price
level and volatility emerging as the dominant drivers, and GSHP COP producing a
meaningful but secondary effect. Full results are reported in Appendix B.

Spot Price Level

Spot price level produces the largest response in total system cost across all parameters
tested, with a near-linear relationship across the full multiplier range. This is an
expected but important finding: a higher market price level directly inflates the cost
of every kilowatt-hour imported from the grid, and Sweden, despite its high share of
low-cost hydropower and nuclear generation, is not insulated from sustained price
increases. Prolonged dry years reducing reservoir levels, exceptionally cold periods
driving demand spikes, and increasing cross-border electricity trade with higher-price
markets are all plausible mechanisms through which the average price level could shift
upward over the system’s lifetime. Under such conditions, the optimiser responds by
reducing grid imports and increasing BESS dispatch, widening the arbitrage margin
and shaving more expensive peak demand. The secondary positive effect on BESS
discharge confirms that higher price levels not only raise costs but also improve the
economic case for storage utilisation, partially offsetting the cost increase.

Spot Price Volatility

Spot price volatility, while leaving the mean price unchanged, produces the largest
response of any parameter on BESS discharge, with discharge increasing by approx-
imately 18% at the highest volatility factor and decreasing by almost 22% at the
lowest. The mechanism is the following: wider price spreads create deeper and more
frequent arbitrage opportunities, incentivising the optimiser to charge more aggres-
sively at price troughs and discharge more at peaks. The dampening effect on energy
imports under high volatility is consistent with this behaviour, when electricity prices
spike, the optimiser partially substitutes GSHP operation with district heating where
the DH tariff is more stable and cost-competitive, reducing electricity consumption
at the added price of increasing COy emissions. Conversely, under low volatility,
the price spread narrows, arbitrage becomes less rewarding, BESS discharge falls,
and the GSHP is used more consistently given the more predictable electricity cost.
This increase in GSHP utilisation drives energy imports up, as more electricity is
consumed for heat supply rather than displaced by stored energy. Despite the large
swing in BESS behaviour, total system cost is relatively insensitive to volatility
changes, suggesting that the optimiser successfully adapts its dispatch strategy to
extract value under both flat and volatile price regimes, largely preserving economic
performance.

From a forward-looking perspective, the direction of travel in the Swedish electricity
markets points towards greater volatility rather than less, as variable renewable gen-
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eration displaces dispatchable capacity and introduces greater temporal imbalances
between supply and demand. The results indicate that the S-18 configuration is well-
positioned to benefit from this trend, with BESS utilisation increasing substantially
as price spreads widen.

GSHP Coefficient of Performance

GSHP COP variation produces a moderate but non-linear effect on both total
system cost and energy imports. Below the baseline COP, the system progressively
substitutes GSHP operation with district heating, as a less efficient heat pump
requires more electricity per unit of heat delivered, eroding the cost advantage of
electrified thermal supply. At a multiplier of 0.6, the efficiency loss is sufficient to
make DH the preferred thermal source for a significant share of operating hours,
causing energy imports to rise sharply, a non-linear response driven by the discrete
nature of the GSHP dispatch decision. At a multiplier of 0.9, however, energy imports
remain marginally positive, indicating that the GSHP retains a cost advantage even at
slightly below-reference efficiency, and that the substitution threshold lies somewhere
between the 0.6 and 0.9 multiplier values. Above the baseline COP, energy imports
decrease consistently, as less electricity is required to deliver the same thermal
output, and total system costs fall accordingly. The numerical results are available
for reference in Appendix B.1.4. Notably, BESS discharge is unaffected by COP
variation across the full range, confirming that the electrical and thermal subsystems
operate largely independently, in terms of storage dispatch strategy.

The COP sensitivity is particularly relevant given that the Carnot-based model
adopted in this work has not been validated against measured heat pump performance
data. The results show that the system economics are meaningfully sensitive to COP
assumptions, reinforcing the importance of accurate heat pump characterisation in
future work.

Electricity Tariffs and BESS Cycling Cost

Electricity tariff level and BESS cycling cost both produce negligible variation across
all three output metrics throughout the full multiplier range. The insensitivity to
electricity tariffs reflects the fact that the variable consumption-based components
subject to the multiplier represent a relatively small share of total electricity costs,
with capacity-based and spot prices (held constant in this analysis) dominating
the bill structure. The insensitivity to cycling cost confirms that, at the reference
degradation cost, BESS dispatch in S-18 is driven primarily by arbitrage and peak
shaving incentives rather than by the marginal penalty on cycling, and that moderate
changes to this parameter do not materially alter the optimiser’s storage utilisation
strategy.
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5.2.2 Sensitivity Analysis on LEC with EV Charging

The second sensitivity analysis group (SAG2) evaluated three parameters against
the complete LEC configuration with V2G charging at five charging points, S-31.
Spot price level and volatility remain the dominant drivers of system cost and BESS
behaviour, consistent with the findings of SAG1, while the charging point power
rating introduces a dimension specific to the V2G-enabled LEC that has no equivalent
in the single-store analysis. Full results are reported in Appendix B.

Spot Price Level

As in SAG1, spot price level produces the largest and most linear response in total
system cost across all parameters tested in SAG2. A higher market price level
raises the cost of every grid-imported kilowatt-hour across both buildings, and total
costs increase near-linearly with the multiplier. Energy imports follow a quasi-linear
decreasing trend, as the optimiser reduces grid consumption in response to higher
prices by increasing storage dispatch. BESS discharge increases as a secondary effect,
reflecting wider arbitrage margins. The presence of V2G in S-31 provides additional
flexible storage capacity relative to S-18, meaning the LEC has a broader set of
dispatch options through which to respond to price level changes, though this does
not fundamentally alter the nature of the relationship observed in SAG1.

Spot Price Volatility

Spot price volatility produces the largest response on BESS discharge in SAG2,
consistent with SAG1. Higher volatility factors widen the price spread, deepening
arbitrage opportunities and incentivising more aggressive storage dispatch, reflected
in the substantial increase in BESS discharge at elevated multipliers. Energy imports
decrease under high volatility, consistent with the same GSHP-DH substitution
mechanism identified in SAG1: when electricity price spikes become more pronounced,
the optimiser partially shifts thermal supply towards district heating to avoid expen-
sive electricity consumption, reducing overall imports. Total system cost remains
relatively insensitive to volatility across the full range, confirming that the combined
dispatch flexibility of the LEC, (spanning PV, BESS, GSHP, and the V2G-capable
EV fleet) is sufficient to preserve economic performance under both flat and volatile
price regimes.

Under low volatility, the compressed price spread reduces BESS discharge and
increases energy imports, as more consistent electricity prices make continuous
GSHP operation more attractive relative to storage-mediated peak avoidance. As
with SAG1, the forward-looking implication favours the S-31 configuration: rising
renewable penetration and the associated increase in price volatility are likely to
enhance the value of combined stationary and vehicle-based storage over the system’s
operational lifetime.

Charging Point Power Rating

The CP power rating analysis evaluates four discrete ratings: 7.4, 11, 22, and 50 kW
with 11 kW as the reference baseline, and is reported separately from the multiplier-
based parameters. The CP rating sets the maximum power exchange per session,
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directly bounding the rate at which EV batteries can contribute to or draw from the
system within any given time-step.

At the lowest rating of 7.4kW, the constrained per-session power limits the system’s
overall bidirectional flexibility, and total system cost rises marginally above the
11 kW baseline. Energy imports increase slightly, as the reduced discharge capacity
leaves more high-price demand intervals uncovered by stored energy. BESS discharge
also increases at this rating, suggesting that the BESS compensates partially for the
reduced V2G contribution by increasing its own discharge, though not sufficiently to
fully offset the flexibility loss.

As the CP rating increases to 22 and 50 kW, total system cost decreases progressively
and energy imports fall, reflecting the greater discharge capacity available to the
system per session. BESS discharge increases alongside, consistent with higher CP
ratings enabling more pronounced price arbitrage windows that the stationary BESS
also exploits. However, the marginal benefit of increasing the CP rating diminishes
at higher values, as the binding constraint shifts from per-session power availability
towards the number of active charging points and the duration of EV sessions: with
only five charging points, the total flexible energy capacity available at any time-step
is inherently limited regardless of the individual power rating.

This has a direct practical implication, higher CP power ratings deliver diminishing
returns unless accompanied by an increase in CP density or fleet size. The combination
of CP density and power rating therefore represents a key infrastructure design
variable for retail LEC configurations seeking to maximise the flexibility value of an
integrated V2G fleet.

5.3 Model Limitations

Several simplifications bound the scope and interpretability of the results presented
in this thesis.

The GSHP thermal model relies on a Carnot-based COP formulation with a fixed
empirical efficiency factor and a linear heating curve (Appendix A.1). Cooling is not
modelled as a separate operating mode, and no measured heat pump performance
data are available to validate it, as no GSHP is currently installed at the site.
Results involving GSHP scenarios should therefore be interpreted as model-consistent
projections rather than empirically validated forecasts. Additionally, the district
heating return water temperature reimbursement mechanism is not captured in the
model, resulting in a systematic overestimation of DH costs identified during cost
reconciliation(Appendix A.1.2).

The BESS degradation model captures cycle wear through a linear cycling cost and
a minimum SoC floor, but omits calendar ageing, temperature effects, and non-linear
depth-of-discharge wear mechanisms. The same limitation applies to EV batteries:
the current formulation does not account for degradation costs incurred during
V2G discharge, which may systematically overstate the economic attractiveness of
bidirectional charging.
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EV charging scenarios rely on synthetically generated session data with deterministic
arrival and departure times constrained to store operating hours (Appendix A.4.4).
The absence of real charging records means that EV-related scenarios can only be
assessed for internal consistency rather than empirical accuracy. Real-world charging
behaviour exhibits significant variability in session timing, initial SoC, and energy
demand that the current session model does not capture.

Finally, all building loads are treated as aggregated, non-controllable inputs. The
absence of sub-meter data for individual end-use circuits means that explicit demand-
side management is not modelled, and the full flexibility potential of the retail
buildings is not represented.

5.4 Future Lines of Research

Several directions emerge naturally from the modelling choices and simplifications
adopted in this thesis. They are grouped below by the component or system level
they address.

Thermal system refinement

Future work should implement a dedicated GSHP cooling mode and validate the
thermal model against measured performance data. Incorporating district heating
return water temperature as a modelled variable would remove the systematic cost
overestimation identified in Appendix A.1.2. Including thermal energy storage (TES)
as a dispatchable asset alongside the GSHP would further enhance the thermal
flexibility dimension, enabling heat load shifting in response to price signals in a way
the current model does not capture.

Battery and storage modelling

A more physics-informed degradation model incorporating calendar ageing, temper-
ature effects, and non-linear DoD wear would improve lifetime estimates and the
reliability of NPV projections. Extending the cycling cost framework to EV batteries,
differentiated by vehicle model and chemistry, would bring the cost-benefit analysis
of V2G into closer alignment with real operator incentives.

Electric vehicle data and flexibility

Future research should incorporate real session data where available, or stochastic
session generators calibrated to empirical distributions, including a broader range
of EV models with heterogeneous battery capacities and charging power ratings. A
more realistic session model would also provide the basis for a rigorous analysis of
V2G revenue allocation between the store operator and EV owners, a contractual
and economic dimension that the current framework does not address.

Demand-side management and load granularity
Replacing store-level aggregate meter data with sub-meter data for individual end-use

circuits such as refrigeration, HVAC zones, and lighting would enable explicit DSM
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modelling, where controllable loads participate in the optimisation alongside storage
and generation assets, representing the full flexibility potential of retail buildings.

Community scale and heterogeneity

Extending the LEC to include a more diverse set of participants such as residential
prosumers, service buildings, or light industrial units would test whether the benefits
observed here would scale and intensify with greater profile diversity. A larger,
mixed-use LEC would also raise open questions of cost and benefit allocation across
participants with different consumption patterns and asset ownership structures.
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Conclusions

This thesis investigated whether retail stores can be transformed into active energy
assets through the joint optimisation of distributed flexibility technologies within a
local energy community framework, using a two-building retail site in Sweden as a
case study. A MILP model was developed and validated against real 2025 billing
data, simulating 34 scenarios of progressive technology integration spanning solar
PV, battery storage, ground-source heat pump, and electric vehicle charging across
three modes over a three-year rolling horizon at 15-minute resolution.

The results demonstrate that integrated flexibility delivers substantial and scalable
value. Solar PV alone, sized at the 500 kWp regulatory threshold that avoids the
Swedish solar tax, reduces electricity costs while achieving full self-consumption: a
configuration that simultaneously maximises economic and technical performance.
The addition of a BESS enables price arbitrage against day-ahead spot prices,
converting morning and evening demand peaks from a cost liability into a managed
resource. GSHP integration proves to be the most impactful single addition: by
displacing the peak tier of the district heating tariff, it reduces total energy cost
by 14%, avoids 66.7% of baseline CO, emissions, and yields a net present value
of 3.2 MSEK with a payback period of approximately 9.6 years. Expanding to
the full two-building LEC configuration (S-24) builds on this foundation through
community-level energy sharing, achieving annual savings of 1.25 MSEK and an
NPV of 3.38 MSEK. Sensitivity analysis confirms that economic performance is most
sensitive to spot price level and volatility, and secondarily to GSHP coefficient of
performance, both of which reinforce rather than undermine the investment case as
Nordic electricity markets become progressively more volatile.

The principal contribution of this work is a validated, transferable MILP framework
for the techno-economic optimisation of a retail LEC under Nordic tariff and market
conditions, with simultaneous treatment of PV, BESS, GSHP, and three EV charging
modes. Existing literature has concentrated on residential and Southern European
contexts, while this thesis provides a directly applicable reference for the commercial
retail sector operating under capacity-based DSO tariffs, tiered district heating
structures, and the specific Swedish solar production tax regime.
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Investment Recommendation

The immediate priority (Horizon 1), is investment in PV and BESS within the S-18
configuration. This combination is commercially actionable today: it requires no
regulatory novelty, no coordination beyond standard grid connection agreements, and
no changes to building operations. It delivers a robust business case under all but the
most pessimistic spot price scenarios and should be treated as the baseline against
which all further investment is measured. Alongside this, the GSHP represents a
compelling near-term addition as its economics would strengthen with rising district
heating tariffs and its CO4 avoidance performance is decisive for retailers with Scope 1
and 2 decarbonisation targets. S-18, which integrates a 500 kWp solar PV array, a
257kWh/125kW BESS, and a 500 kW GSHP at the main store, is the recommended
first investment horizon.

Full LEC formalisation, as assessed in S-24, belongs to Horizon 2. The techno-
economic case is sound, but operationalising energy sharing between co-located
commercial buildings raises regulatory and commercial questions that are not yet
resolved in the Swedish context: cost allocation between participants, the contractual
relationship with the DSO under shared metering, and potential grid reinforcement
implications as distributed flexibility assets proliferate. These are not impossible
obstacles, but they require deliberate engagement with the regulatory process and
demonstration project experience before full deployment. Horizon 2 is therefore
best pursued once the Horizon 1 investment is operational and the LEC regulatory
environment matures.

On EV Charging

From a pure energy cost standpoint, not installing charging points is the cheapest
choice as every charging mode tested adds net electricity cost relative to the non-EV
baseline. However, this ignores a practical commercial reality: customers with electric
vehicles increasingly choose where to shop based on charging availability, and the
additional time spent at the store while charging tends to increase spending. Whether
to invest in charging infrastructure is therefore not purely an energy question, and
the operational cost increase should be weighed against the expected commercial
benefit.

If charging points are installed, how they are operated matters significantly. Un-
controlled direct charging can increase annual costs by up to 2.2% relative to full
LEC operation (S-24) and should be avoided. Beyond cost, at high fleet densities
DC charging was found to constrain GSHP dispatch and reduce CO5 avoidance from
66.7% to as low as 60%, an interaction fully eliminated by V1G and V2G. Smart
charging recovers most of that loss and is achievable with off-the-shelf hardware
today. V2G offers additional value by allowing parked EVs to discharge back into
the building during peak price periods, complementing the BESS, but it depends
on bidirectional chargers and vehicle compatibility that are not yet widely available.
The recommended approach is to install V1G-capable hardware as standard, designed
to be upgradeable to V2G when the technology becomes more accessible.
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A

Assumptions, Data, and
Component Models

A.1 Modelling Assumptions

This section documents the principal numerical and mathematical simplifications
embedded in the optimisation formulation. Where assumptions introduce uncertainty
or may overestimate achievable flexibility, implications for result interpretation are
noted.

A.1.1 Numerical and Parametric Assumptions

Symmetric Round-Trip Efficiency

All battery systems (EV and BESS) use symmetric round-trip efficiency n? = 0.865
[65] applied equally to charging and discharging paths, regardless of power level,
temperature, or SoC. Temperature-dependent and non-linear efficiency effects are
neglected. Real batteries exhibit efficiency curves that vary with operating conditions;
this simplification may underestimate true losses during rapid charging/discharging
or temperature extremes.

Battery Degradation Representation

Battery wear is modelled via (1) a minimum SoC floor (¢™® = 0.20) limiting usable
depth of discharge to 80 %, and (2) a linear cycling cost that penalizes battery
throughput to account for degradation wear. However, this approach does not
capture calendar ageing, temperature effects, or non-linear cycle-depth-dependent
wear mechanisms. As a result, estimated battery lifetimes may not accurately reflect
real degradation, particularly for batteries operated frequently at high depths of
discharge or in harsh thermal conditions.

Asset Performance Constancy

All performance parameters (PV efficiency, BESS efficiency, GSHP COP) are held con-
stant over 2023-2025. Seasonal variations are partially captured through temperature-
dependent parametrization (e.g., GSHP heating curve), but long-term performance
drift and degradation trajectories are not modelled. This assumption is reasonable
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A. Assumptions, Data, and Component Models

over a 3-year horizon but would require re-parametrization for studies spanning
decades.

No Minimum On/Off Time or Ramp-Rate Constraints

Controllable assets (BESS, GSHP, EV chargers) may change operating mode at every
15-minute time step with no minimum on/off duration or rate-of-change constraints.
In reality, equipment often exhibits minimum run times, ramp limitations, and
mode-transition delays. This assumption may overestimate short-term operational
flexibility and optimize dispatch patterns that are physically infeasible for real
equipment.

A.1.2 Market and Grid Assumptions

Rolling-Horizon Optimisation

The optimisation operates on a 24-hour rolling horizon with 36-hour foresight, where
the knowledge of spot prices, solar generation, EV sessions, and building loads is
limited to this window. This design represents an upper bound on achievable cost
savings, while real-time or forecast-driven implementations with shorter lookahead
would incur additional costs due to prediction errors.

Lossless Intra-Community Distribution

Electrical losses within the LEC are neglected, meaning all generation and storage
discharge is fully available at any metering point. This conservative assumption
overstates the economic value of inter-building power exchange, since real distribution
networks incur losses proportional to current and distance. As a result, inter-building
power sharing may appear more economically attractive in optimisation results than
physically realizable.

Linear Cost Structure (with Exception for Non-linear Tariffs)

Most tariff components (spot prices, transmission fees, energy taxes, subscription
fees) are linear functions of power or energy. Two non-linear elements are explicitly
modelled: (1) Swedish solar production tax (Appendix A.2.3) and (2) district
heating two-tier capacity pricing (Appendix A.2.3). Quantity-based rebates and
other non-linear pricing structures are excluded. One notable omission is the district
heating return water temperature reimbursement, a contractual credit applied by the
supplier when return temperatures fall below a specified threshold, which introduces a
systematic overestimation of district heating costs.This simplification enables efficient
MILP formulation but may misrepresent cost-minimization incentives in real tariff
structures with complex rebate or volume-discount schemes.

Static Regulatory Environment

Electricity market rules, grid tariffs, solar taxation thresholds, transmission fees,
and subsidy structures are assumed static over 2023-2025. Future regulatory or
policy changes are not anticipated. This assumption allows for stable year-long
optimisations but would require re-parametrization if major policy reforms (e.g.,
solar tax threshold changes, tariff restructuring) occur.
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A.1.3 Data and Input Assumptions

Deterministic EV Availability

EV session parameters (arrival time, departure time, initial SoC, desired SoC)
are treated as fixed and known in advance. The synthetic EV data generator
produces deterministic sessions constrained to store operating hours (9:30-20:30
weekdays, 9:30-18:30 weekends) with same-day parking. Stochastic variations in
driver behaviour, unplanned arrivals, or charging request changes are not modelled.
This assumption may overestimate achievable V2G flexibility, as real-world EV
availability and charging requirements exhibit significant day-to-day and hour-to-
hour variability.

Fixed Load Profiles

Electrical and thermal demand at both buildings are treated as exogenous, non-
negotiable constraints. Demand adaptation in response to price signals, energy
interventions, or comfort trade-offs is not modelled. This conservative assumption
represents current operational practice but may understate the potential for demand-
side flexibility. Real customers may adjust consumption patterns in response to
strong price signals or energy management campaigns.

Weather and Climate Data Representativeness

Weather data (temperature, solar irradiance) are sourced from historical observations
and reanalysis for 2023-2025. Long-term climate variability, decadal climate trends,
and extreme weather scenarios beyond this period are not captured. Solar generation
data are available only for 2023, thus these data are looped for subsequent years.
This approach may introduce bias if 2023 was atypical for solar resources in the
case study location, or if climate trends shift significantly within the analysis period.
Results should be interpreted as representative of recent historical conditions rather
than long-term averages or future climate scenarios.

A.2 Data Acquisition

This section describes the data sources and acquisition methods used to parametrise
the simulation model, organised into five categories corresponding to the subsections
below.

A.2.1 Energy Load & Cost Data

Operational data were obtained directly from the store, covering aggregate energy
consumption and cost records for both buildings. The dataset includes:

o Aggregated electrical load profile at 15-minute resolution
o Aggregated heat load profile at hourly resolution

o Historical electricity and heating costs
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Data were available for both buildings for the years 2023, 2024, and 2025. As the heat
load profile is provided at hourly resolution, it is upsampled to 15-minute resolution
using linear interpolation to match the temporal resolution of the electrical load data
and the model, as described in Section A.3.

A.2.2 Weather & PV Production Data

Weather and PV production data were obtained from publicly available sources.
Outdoor air temperature at 2m above ground was retrieved from the Open-Meteo
ERADS5 reanalysis archive via its open-access API [66], providing hourly historical
records aligned with the operational data period. Solar PV production was obtained
from PVGIS [59], using a normalised 1kW, system as a reference, which was
subsequently scaled to the installed capacity defined in each scenario.

The air temperature dataset covers the years 2023, 2024 and 2025, while the PV
generation dataset only covers 2023, due to data availability. Both sets are specific
to the geographic coordinates of the case study sites. As the model operates at
15-minute resolution, the hourly weather and PV production data are upsampled
accordingly using linear interpolation (see Section A.3).

A.2.3 Energy Market & Tariff Data

The electricity and district heating cost structures applied in this study reflect the
full cost stack faced by a commercial energy consumer at the case study sites. The
data was obtained from multiple sources and is described below.

Electricity Spot Prices

Hourly day-ahead spot prices from 2023 until the 29th of September 2025, followed
by 15-minute resolution until the end of the year, were obtained for the SE3 bidding
zone via the European Network of Transmission System Operators RESTful API [67].
The hourly data is upsampled via linear interpolation to meet the 15-minute model
resolution, as described in Section A.3.

Grid Tariffs

The tariff rates correspond to the 6-10kV connection category as defined by the DSO
and apply to both buildings. The grid subscription fee, variable transmission fee,
subscribed power fee, and transmission health incentive, were obtained directly from
the DSO electricity tariff schedule [68]. The energy certificate cost is not explicitly
listed in the tariff schedule and were instead estimated based on [69]. All applicable
rates for 2025 are listed in Table A.1.

Taxes

The energy tax and VAT rates were obtained from the Swedish Tax Agency [70], and
apply to all electricity consumed on site. The applicable rates are assumed constant
over the simulation horizon, consistent with the modelling assumptions outlined in
Section 1.4, and are listed in Table A.2.
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Table A.1: DSO grid tariff rates for 2025 (6-10kV category)

Component 2025 Unit

Grid subscription fee 3,000 SEK/month
Variable transmission fee 0.04 SEK/kWh
Subscribed power fee 35.84 SEK/kW /month
Transmission health incentive 0.04 SEK/kWh
Energy certificate™ 0.005 SEK/kWh

* Estimated value; not directly provided by the DSO.

Table A.2: Tax rates

Component Value Unit

Energy tax  0.439 SEK/kWh
VAT 25 %

The treatment of energy tax on self-consumed solar electricity depends on the total
installed PV capacity. If the installed capacity is under 500 kW per building, a tax
exemption exists. Contrary, if the capacity is over that limit, the full electricity tax
rate is applied to every unit of energy consumed.

District Heating Tariffs

The district heating tariff structure was obtained directly from the DSO, district
heating supplier serving both case study sites. However, as heat supply does not
participate in the LEC, the district heating tariff is only applied to the main store,
consistent with the scope defined in Section 1.4.The tariff applicable to the case
study sites falls under the large property category, which applies to consumers with a
subscribed capacity exceeding 499 kW. It comprises five components that distinguish
between base and peak consumption tiers, as well as seasonal pricing. The rates
applicable to the simulation period are summarised in Table A.3.

Table A.3: DSO district heating tariff rates for 2025 (large properties, subscribed
capacity over 499 kW)

Component 2025 Unit

Fixed annual fee 169,615 SEK /year
Base capacity charge 441 SEK /KW /year
Maximum capacity charge 685 SEK /KW /year

Base energy rate — summer 188 SEK/MWh
Base energy rate — non-summer 458 SEK/MWh
Peak energy rate 1,200 SEK/MWh
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The tariff distinguishes between a summer and a non-summer period, with higher
base energy rates applying outside the summer months. Peak consumption surcharges
are exclusively applied during the non-summer period, so no peak energy rates are
charged during summer regardless of consumption level. Additionally, DH has a CO,
intensity of 40.1g/kWh, reported yearly by the DSO.

A.2.4 Technology and Cost Data

Technical and cost parameters for each modelled technology were compiled from a
combination of industry reports, peer-reviewed literature, and manufacturer data
sheets. CAPEX and fixed O&M costs are included for PV, BESS, and GSHP, and
are used in the post-simulation techno-economic assessment. For EV charging, no
CAPEX or O&M costs are assigned, as the charging infrastructure is only assessed
from an operational point of view. The parameters used as model inputs are
summarised in Table A.4. Additionally, a constant exchange rate of 11.1 SEK/EUR
is used when required.

Table A.4: Technology and cost parameters used in the model

Parameter Value Unit Source
Solar PV
CAPEX 8,000 SEK /kW, 71]
Fixed O&M 2 % of CAPEX/year [71]
BESS
Capacity 257771 kWh [72]
Power 125-257 kW [72]
Round-trip efficiency 86.5 % 65]
SoC bounds 20-100 % 73]
Rated cycles 6,000 - 73]
CAPEX 400 EUR/kWh 9, 74]
Fixed O&M 2 % of CAPEX /year [9, 75]
Geothermal
CAPEX 2,485 P069% EUR /KW, [76]
Fixed O&M 2 % of CAPEX /year [77]
V2G
Charging point power 11 kW 78]
Charging efficiency 93 % [65]
Vehicle battery capacity 60 kWh [79]

Note: Where P is the GSHP capacity no higher than 1,7 MWjy,.

Vehicle battery capacities and the number of vehicles, charging sessions, and avail-
ability windows were not directly available and were instead generated as synthetic
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inputs based on store operating hours and representative EV specifications. The
method used to construct these inputs is described in Section A.4.4.

A.2.5 Building and Site Data

Site-specific data was collected for both sites through a combination of an on-site
visit and Google Maps imagery. The following information was obtained:

o Available area for solar PV installation, including rooftop, ground-mounted,
and carport configurations over parking spaces

o Number of available parking slots

» Store operating schedule

A.3 Data Pre-Processing

All datasets were processed in Python using pandas [64] prior to model input, to
ensure temporal consistency, completeness, and compatibility with the 15-minute
model resolution. The steps applied to each data type are described below.

Electrical Load Profiles

The aggregated electrical load profiles were provided at 15-minute resolution and
required no resampling. Missing values caused by metering errors or data gaps were
identified and filled using linear interpolation.

Heat Load Profiles

The aggregated heat load profiles were provided at hourly resolution. Missing values
were first identified and filled using linear interpolation, after which the complete
profiles were upsampled to 15-minute resolution, also via linear interpolation. Each
hourly value was subsequently scaled by a factor of i so that the per-time-step energy
quantity represents MWh per 15-minute interval, preserving the correct energy total
upon summation.

Weather & PV Production Data

Outdoor air temperature and PV generation profiles were obtained at hourly resolu-
tion and upsampled to 15-minute resolution using linear interpolation. PV generation
timestamps follow a centre-of-hour convention (e.g. 00:11 representing the 00:00
interval) and were floored to the nearest hour boundary prior to upsampling. Both
datasets use UTC-referenced timestamps.

Electricity Spot Prices

Spot prices were available at hourly resolution from 2023 until the 30th of September
2025, and at 15-minute resolution thereafter. Timestamps were first standardised to
UTC to avoid ambiguities introduced by daylight saving time transitions. The hourly
segment was then upsampled to 15-minute resolution using linear interpolation,
producing a consistent price series across the full simulation period.
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District Heating Tariff

The district heating rate profiles are derived from the DSO’s published 2025 annual
tariff schedules. Rather than back-calculating rates from historical invoices, the
approach applies published energy rates that vary seasonally throughout the year.

The district heating tariff distinguishes between two seasonal periods:

o Summer (June—August): A flat, single energy rate applies uniformly to all
heat consumption.

o Non-summer (September—May): A two-tier rate structure applies, where
consumption up to the subscribed base capacity threshold (Ppas) is billed at
the lower base rate, and consumption above this threshold is billed at the
higher peak rate.

Additionally, three fixed daily capacity charges are applied year-round, derived from
the DSO’s published tariff terms.

The published energy rates and fixed daily charges are assembled into a time-series
profile at 15-minute resolution. This profile captures the seasonal variation in rates
and provides the optimizer with accurate pricing information for each time-step
without making assumptions about demand patterns or back-calculating implicit
rates. This approach avoids inferring rates from historical invoices, which may be
affected by billing anomalies, and directly reflects the published tariff schedule.

Temporal Alignment and Multi-Year Profile Extension

Following individual preprocessing, all datasets were aligned to a common UTC-based
15-minute time index covering the full 2023-2025 period, ensuring consistency across
all model inputs.

All input profiles were extended to cover three years of simulation (2023-2026)
using two complementary approaches. Profiles based on measured or market data
(electricity demand, heat demand, electricity spot prices, and outdoor temperature)
were created by horizontally concatenating individual year files into continuous
time-series, preserving year-to-year variations in observed conditions. DH rates and
solar generation profiles were extended by temporal cycling: a year (2025 for the first
and 2023 for the latter) was repeated cyclically across the full three-year horizon.

The repeating approach maintains consistent tariff and generation assumptions across
the simulation period and accounts for the unavailability of multi-year tariff histories,
while the concatenation approach preserves actual inter-annual variability in market
prices, demand, and weather.
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A.4 Component Modelling & Sizing

Each asset in the LEC is characterised by a physical sub-model and a fixed set of
sizing parameters. All component models are pre-parametrised before each daily solve
and enter the MILP as fixed-coefficient linear expressions, therefore no endogenous
capacity decisions are made within the optimiser. The mathematical representation
of each component (i.e. state-of-charge dynamics, power-limit constraints, and cost
contributions) is fully stated in the MILP formulation (Section 3.1). This section
focuses on the physical basis and the methodology used to determine the upper
bounds of component capacities.

A.4.1 Solar Photovoltaic

This section describes how the solar PV generation profile is constructed and how
peak capacity is assigned to each scenario.

Generation Profile

The output of the rooftop PV installation at building b is computed as a parameter
profile Gy, [kW] before each simulation run by scaling a pre-computed normalised
generation profile by the installed peak capacity:

Gbﬂg — Ppr . gt (Al)

where g, [kW/kWp] is the normalised AC output of a 1 kWp reference system,
sourced from PVGIS, and P}V [kWp] is the installed peak capacity of building b.
The normalised profile is pre-processed to the 15-minute model resolution before the
simulation.

The installed peak capacity is derived from the physical installation parameters:

B =npy - Ay gste  [kWp] (A.2)

where npy is the panel conversion efficiency, A, is the effective area [m?], and
gstc = 1 kW/ m” is the standard test condition irradiance. This capacity governs
both the generation scaling and the applicability of the Swedish solar production
tax, as defined in Section 3.1.6 of the MILP formulation.

Sizing Across Scenarios

PV capacity is treated as a scenario parameter, reflecting investment decisions made
prior to the operational horizon. Installed areas range from 0 to 5,000 m? across
the scenario matrix (Section 3.5), corresponding to peak capacities of 0-1,000 kWp.
The 500 kWp threshold is explicitly represented to isolate the step-change in solar
production tax liability. The key sizing parameters used across all scenarios are listed

in Table A.5.
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Table A.5: Solar PV sizing parameters.

Symbol Value Description

nev 0.20 Panel conversion efficiency

gsTC 1.0 kW/m?  Standard Test Condition irradiance

Ay 0-5,000 m? Installed aperture area (scenario-dependent)
P 0-1,000 kWp Corresponding peak capacity range

A.4.2 Battery Energy Storage System

This section presents the physical model adopted for the lithium-ion battery energy
storage system, derives the cycling cost coefficient that enters the objective function,
and describes the load-duration curve analysis used to determine the installed
capacity.

Physical Description

The BESS is modelled with symmetric round-trip efficiency. The SoC dynamics,
mutual-exclusion constraint on simultaneous charge and discharge, minimum SoC
floor, and the cycling cost contribution to the objective function are stated in
Section 3.1.6 of the MILP formulation.

Degradation Cost Coefficient

The cycling cost coefficient cqy. [SEK/kWh discharged/kWh capacity| is derived
from the battery’s techno-economic specification by spreading the total capital

cost evenly over the rated energy throughput, instead of using an exact half-cycle
depth-of-discharge (DoD) scheme [80]:

Coye = _CAPEX reurssek  |[SEK/kWh discharged /kWh capacity] — (A.3)
N - DoDyateq

where CAPEX [EUR/kWH] is the specific capital cost, N is the manufacturer-rated
cycle life at the design depth-of-discharge, and DoD;ateq = 1 — o™ is the permissible
depth of discharge. This formulation ensures that the optimiser implicitly internalises
battery ageing: a discharge event is only economically justified when the resulting
electricity cost saving exceeds the marginal degradation charge. The parameter
values used to compute ¢y are given in Table A.6.

Sizing Methodology

BESS capacity is sized using a load-duration curve (LDC) exceedance analysis
applied to the main building’s electricity load profiles for 2023-2025 at 1h resolution
(unprocessed data). A peak-shaving threshold of Py, = 600 kW (~ 200h) is selected
as the target limit. For each continuous period during which the building load
exceeds the threshold, two sizing quantities are derived:
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Table A.6: BESS degradation cost parameters.

Symbol Value Description
CAPEX 250 EUR/kWh Specific capital cost
N 6,000 Rated cycle life at DoD,ateq
DoD,atea 0.80 Maximum permissible depth of dis-
charge
rEUR—SEK 11.1 EUR-SEK conversion rate
pbessred — té%\%}ﬁt (Lb,t — Pthr) (A4)
Ebessred — Z (Lb,t — Pthr> - At (A.5)
teevent

These represent, respectively, the instantaneous power headroom and the energy
buffer required to suppress that exceedance event entirely. The two metrics are
evaluated across all events identified in the three-year dataset, and the 95th-percentile
values are selected as the upper bound. This approach avoids over-dimensioning
for isolated worst-case events, with the residual 5% of extreme peaks managed
by accepting a temporary exceedance or relying on V2G discharge. The resulting
sizing specification is approximately 220kW / 750 kWh. The nearest commercially
available system [72] is adopted as the upper bound in the scenario matrix; lower
tiers (514 kWh / 125 kW) represent partial storage coverage. The scenario matrix
(Section 3.5) then independently varies both the energy capacity and the rated power
according to commercially available systems (Appendix A.2.4) to assess the marginal
value of additional storage across all combinations.

A.4.3 Ground Source Heat Pump

This section describes the three-step pre-processing procedure used to compute the
GSHP electrical intensity parameter oy from outdoor temperature data, and the
heat demand analysis used to determine the installed thermal capacity.

Physical Description

The GSHP extracts low-grade heat from a vertical borehole field and upgrades it via
a vapour-compression cycle to meet the building’s space-heating demand. All COP-
related calculations are performed as a pre-processing step before the optimisation;
the results enter the MILP as fixed, time-varying parameters, preserving its linear
structure [81, 82].

Step 1: Supply temperature (heating curve). The required supply tempera-
ture is set by a linear heating curve that raises the set-point as outdoor temperature

falls [83-85]:
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T = Tt — kne - TP [K] (A.6)

where Ty [K] is the design supply temperature at 7" = 0 K and ky, [K/K] is the
heating curve slope. The outdoor temperature time series T is taken from the
processed 15-minute temperature dataset.

Step 2: Time-varying COP (Carnot model). A Carnot-based COP is com-
puted at each time step using the supply temperature and a fixed ground temperature
as the source and sink, respectively [82, 86]:

sup
T

COP, = arnot * sup o
! e ‘ E P Tground

(A7)

where Ncarmot [-] is the Carnot efficiency factor accounting for real-cycle irreversibilities.
The result is clipped to COP; > 1 as a physical lower bound.

Step 3: Electrical intensity parameter. The ratio of electrical input to thermal
output, including auxiliary consumption (circulation pumps, controls), is:

Jaux
Qpt

it = COPt [kWel/kWth] <A8)

where faux > 1 scales up the electrical draw to account for auxiliary loads [87]. The
full time series ay; is passed to the MILP as a fixed parameter, so that the GSHP
electricity consumption Plfihp = Qpy- %f’thp remains a linear expression in the thermal

output variable.

The GSHP and district heating operate as complementary heat sources: their
combined output must satisfy the building thermal demand at every time step
(MILP formulation, Section 3.1). The optimiser dispatches the cheaper source at
each time step, where the GSHP marginal cost is ap; - Ay, and the district heating
marginal cost is given by the applicable tariff tier.

Table A.7: GSHP pre-processing parameters.

Symbol Value Description

Tiet 55 °C  Supply temperature at 7°" = 0°C
khe 1.0 Heating curve slope

Torouna 8 °C Ground/borehole source temperature
Ncarmot ~ 0.D0  Carnot efficiency factor

Jaux 1.10  Auxiliary consumption factor
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Sizing Methodology

The GSHP thermal capacity Q2™ is derived from the heat demand load duration
curve of the main building, using heat load profiles for 2023-2025 at hourly resolution.
The upper bound is the 95th percentile of the heat load curve across all non-zero
operating hours in the three-year dataset:

Qgshp,max _ Q;}é5 (AQ)

This choice ensures that the GSHP covers approximately 95% of operating hours
autonomously; the comparatively few high-demand hours above Q5™ are supplied
by the district heating top-up. Sizing to the full peak demand would require a
significantly larger and more costly heat pump for only marginal incremental coverage,
which is unlikely to be economically justified given the relatively low per-unit cost of
district heating at peak conditions.

The analysis yields a reference thermal capacity of 700 kW (~ 200h). To assess
the results as a function of heat pump sizing, the scenario matrix (Section 3.5) also
includes lower capacity variants, representing partial GSHP coverage relative to the
heat demand distribution.

A.4.4 Electric Vehicles

This section characterises the EV charging infrastructure, covering the three charging
control modes available in the scenario matrix, the stochastic session generation
model used to produce synthetic charging data, and the vehicle fleet specifications.

Charging Modes

Three EV charging control modes are examined in the scenario matrix (Section 3.5).
The mode parameter m*®’ is set at the scenario level and applies uniformly to all
charging points; the three modes are defined in Section 2.2.2.

The battery dynamics, power-limit mutual-exclusion constraint, minimum SoC floor,
and departure SoC requirement for all three modes are stated in MILP formulation
Section 3.1.7.1.

Session Generation Model

Real EV session data for the study period were not available; charging sessions are
therefore generated stochastically using a purpose-built data generator calibrated to
represent retail parking behaviour at the store site. In this study, 50 sessions per
month and charging point have been generated, amounting to 1,800 sessions per
CP over the simulation period. All sessions are constrained to occur within store
operating hours (Monday—Friday 10:00-20:00 + 30 min buffer; Saturday—Sunday
10:00-18:00 430 min buffer) and must begin and end on the same calendar day,
reflecting the short-stay nature of customer parking. Session durations are drawn
from a truncated normal distribution:
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d~N(ug, 03), d€ [dnin, dmax] (A.10)

with gy = 3.0 h, 04 = 0.8 h, dpy,, = 0.5 h, dpax = 5.5 h. Arrival SoC values are
drawn uniformly from [c™™ 1.0]; desired departure SoC is drawn uniformly from
[027, 1.0]. Each generated session is checked for power feasibility: if the energy
needed to reach the desired departure SoC cannot be delivered at the rated power
PV within the available parking window, the desired departure SoC is reduced
to the maximum value achievable at P"™® ensuring all sessions in the dataset are

feasible by construction.

Vehicle Specifications

A homogeneous fleet is assumed, representative of mid-range battery electric vehicles
equipped with standard AC on-board chargers. The specifications are summarised
in Table A.8; the corresponding parameter definitions used within the optimization
are given in Section 3.1.4.3 of the MILP formulation.

Table A.8: EV fleet specifications.

Parameter Value Description

EZY 60 kWh Usable battery capacity

Peymax 11 kW  Maximum charging/discharging power
n 0.93 One-way charging efficiency

g™min 0.20 Minimum SoC (battery health floor)
I 3.0h  Mean session duration

XIV



B

Complete Scenario and Sensitivity
Analysis Results

B.1 Scenarios

This appendix presents the complete numerical results for all scenarios analysed in this
thesis, as well as the sensitivity analysis. The scenarios are organised by development
phase, following the same structure as Chapter 4. Each table consolidates scenario
characteristics, system operation and performance metrics, operation costs, and
investment economics to facilitate cross-scenario comparison.

B.1.1 Baseline Scenarios

Table B.1 presents the operational cost breakdown for the baseline scenarios S-01
and S-Ola, which represent the main store and LEC operating without any on-
site energy assets. These scenarios serve as the reference case against which all
subsequent scenarios are evaluated, as discussed in Section 4.1. All absolute cost
figures, Natnytta income, and electricity imports are reported for the full three-year
simulation period unless otherwise stated.

Table B.1: Baseline scenarios results summary

Units S-01 S-0la

System Operation & Performance
Electricity Imports GWh 8.3  27.8

Operation Costs

Electricity Cost MSEK 10.0 32.6
DH Cost MSEK 5.8 5.8
Total Cost MSEK 15.8 384
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B.1.2 Phase 1: Solar only Scenarios

Table B.2 summarises results for scenarios S-02 to S-06, which evaluate the installation
of rooftop PV systems ranging from 400 kWp to 1,600 kWp with no additional
flexibility assets. A detailed discussion of these results is provided in Section 4.2.

Table B.2: Solar only results summary

Units S-02 S-03 S-04 S-05 S-06

Scenario Characteristics

PV Capacity kWp 400 500 800 1,200 1,600
System Operation & Performance

SC % 100 100 89 72 60

SS % 14 18 25 31 34

Electricity Imports % -14 17 25 31 -34

Operation Costs
Natnytta Income kSEK 0.2 09 106 386 739

Electricity Cost MSEK 90 88 90 85 8.0
Total Cost MSEK 14.8 14.5 14.8 14.3 13.7
Investment Economics

CAPEX MSEK 32 40 64 9.6 128
0&M kSEK/yr 64 80 128 192 256
Annual Savings MSEK/yr 0.35 0.43 0.35 0.53 0.70
Net Benefit MSEK 0.28 0.35 0.22 0.33 0.44
NPV MSEK  1.12 1.37 -2.98 -4.47 -5.96
PBP yT 114 11.5 28.8 28.8 28.8
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B.1.3 Phase 2: Solar with Battery Storage Scenarios

Table B.3 presents results for scenarios S-07 to S-15, which pair rooftop PV with
a battery energy storage system (BESS). All BESS units share the same power
rating of 125 kW; capacity and PV size are varied to assess their combined effect on
self-sufficiency, cost reduction, and investment viability. A full analysis is presented
in Section 4.3.

Table B.3: Solar and BESS results summary

Units S-07 S-08 S-09 S-10 S-11 S-12 S-13 S-14 S-15

Scenario Characteristics

PV Capacity kWp 400 500 500 800 800 1,200 1,200 1,600 1,600
BESS Capacity kWh 257 257 b14 257 514 514 771 Hl4 771
System Operation & Performance

SC % 100 100 100 87 8 72 72 60 60

SS % 14 18 18 24 24 30 30 34 34

Electricity Imports % -4 17 -17 24 23 29 -29 -33 -33

BESS Cycles - 1,258 1,261 1,100 1,264 1,136 1,137 980 1,136 980

Operation Costs
Nétnytta Income kSEK 0.1 04 05 121 13.1 39.7 39.8 744 745

Electricity Cost MSEK 89 86 86 89 88 83 82 177 1.7
Total Cost MSEK 14.7 144 143 14.6 145 140 14.0 13.5 134
Investment Economics

CAPEX MSEK 39 47 54 71 7.8 11.0 11.7 14.2 149
O&M kSEK/yr 78.3 94.3 108.5 142.3 156.5 220.5 234.8 284.5 298.8
Annual Savings MSEK/yr 0.39 0.48 0.51 0.40 0.43 0.60 0.62 0.78 0.80
Net Benefit MSEK 0.31 0.38 040 0.25 0.27 0.38 0.39 049 0.50
NPV MSEK 0.55 0.80 0.00 -3.56 -4.34 -5.83 -6.78 -7.32 -8.27
PBP yr 125 124 13.7 281 288 28.8 30.1 288 29.8
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B.1.4 Phase 3: GSHP Integration Scenarios

Table B.4 summarises results for scenarios S-16 to S-19, which integrate a GSHP
into the base system consisting of a fixed 500 kWp PV array, and a 257 kWh/125 kW
BESS. The BESS cycles at approximately 1,262 per year across all four scenarios
and is therefore not reported per-column. Only GSHP capacity varies, ranging from
100 kW to 700 kW, with the objective of partially displacing district heating demand.
Since CO5 emissions savings are directly proportional to district heating displacement
in this system, both metrics are numerically equivalent and only DH Displacement
is reported. Results are discussed in Section 4.4.

Table B.4: GSHP integration results summary

Units S-16 S-17 S-18 S-19

Scenario Characteristics

GSHP Capacity kW 100 300 500 700
System Operation & Performance

SC % 100 100 100 100
SS % 18 18 18 18
Electricity Imports % -11 -5 -2 -1
BESS Cycles - 1,262 1,262 1,262 1,262
DH Displacement % 27 55 67 71
CO; Avoided % 271 55 67 71
Operation Costs

Electricity Cost MSEK 91 96 98 99
DH Cost MSEK 49 41 38 3.7
Total Cost MSEK 14.0 13.7 13.6 13.6
Investment Economics

CAPEX MSEK 52 56 59 6.2
O&M kSEK/yr 103.4 112.1 118.6 124.2
Annual Savings MSEK/yr 0.60 0.70 0.74 0.74
Net Benefit MSEK 0.50 0.59 0.62 0.62
NPV MSEK 214 3.13 3.22 298
PBP yr 104 95 9.6 10.0
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B.1.5 Phase 4: LEC Integration Scenarios

Table B.5 presents results for scenarios S-20 to S-24, which explore LEC configurations
built on the Phase 3 base system. The GSHP is fixed at 500 kW across all LEC
scenarios; PV capacity, BESS size, and BESS power rating are varied to assess the
impact of increased flexibility on community-level performance and economics. A
detailed discussion is provided in Section 4.6.

Table B.5: LEC integration results summary

Units S-20 S-21 S-22 S-23 S-24

Scenario Characteristics

PV Capacity kWp 500 700 1,000 700 1,000
BESS Capacity kWh 257 514 514 771 771
BESS Power kW 125 125 257 125 257
System Operation & Performance

SC % 100 100 100 100 100
SS % ) 7 10 7 10
Electricity Imports % -1 3 6 -3 -6
BESS Cycles - 1,249 1,127 1,127 973 1,213
DH Displacement % 66 67 67 67 67
CO, Avoided % 66 67 67 67 67
Operation Costs

Electricity Cost MSEK 324 31.8 31.0 31.7 30.8
Total Cost MSEK  36.2 35.6 34.8 355 34.7
Investment Economics

CAPEX MSEK 59 82 106 9.0 114
O&M kSEK/yr 118.6 164.9 212.9 179.1 227.1
Annual Savings MSEK/yr 0.74 0.94 122 0.96 1.25
Net Benefit MSEK 0.62 0.78 1.00 0.79 1.03
NPV MSEK  3.25 3.04 4.10 2.09 3.38
PBP yT 9.6 106 10.6 11.4 11.1
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B.1.6 Phase 5: EV Integration Pathways

Table B.6 presents results for scenarios S-25 to S-33, which evaluate three EV charging
strategies (DC, V1G, and V2G), at 5, 15, and 30 charging points. All scenarios share
the same underlying energy system, which is the outcome from Phase 4: a 1,000 kWp
PV array, a 771 kWh/257 kW BESS, and a 500 kW GSHP. The impact of charging
mode and scale on grid interaction, and costs is discussed in Section 4.7.

Table B.6: EV integration pathways results summary

Units S-25 S-26 S-27 S-28 S-29 S-30 S-31 S-32 S-33
Scenario Characteristics
EV Charging Mode - DC DC DC VIG VIG V1G V2G V2G V2G
Charging Points - 5 15 30 5 15 30 5 15 30
System Operation & Performance
SC % 100 100 100 100 100 100 100 100 100
SS % 10 10 10 10 10 10 10 10 10
Electricity Imports % S5 4 2 5 -4 -3 -5 -4 -3
BESS Cycles - 1,017 676 429 1,213 1,213 1,212 1,213 1,214 1,215
DH Displacement % 66 62 60 67 67 67 67 67 67
CO3 Avoided % 66 62 60 67 67 67 67 67 67
Operation Costs
Electricity Cost MSEK 309 31.2 31.5 30.9 31.0 31.2 30.9 30.9 309
EV Charging Cost kSEK 106 317 630 60 180 360 60 180 361
DH Cost MSEK 38 40 40 38 38 38 38 38 338
Total Cost MSEK 34.8 35.1 35.5 34.7 348 35.0 34.7 34.7 34.7
Investment Economics
Annual Savings MSEK/yr 1.21 1.10 096 1.24 1.20 1.15 125 1.24 1.23
Net Benefit MSEK 098 0.87 0.74 1.01 097 0.92 102 1.01 1.00
NPV MSEK 271 1.06 -1.06 3.11 259 1.78 3.32 3.21 3.01
PBP yr 11.6 13.0 154 11.3 11.7 123 11.1 11.2 11.3
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B.2 Sensitivity Analysis

This section presents the complete numerical results for the two sensitivity analysis
groups conducted in this thesis. SAG1 evaluates parameter sensitivity on the full
store operation reference scenario S-18, while SAG2 evaluates the same on the full
LEC with V2G reference scenario S-31. Results are displayed in Section 4.5 and
Section 4.8 respectively.

B.2.1 SAG1: S-18

Table B.7 reports the relative change in total cost, electricity imports, and BESS
discharge for SA-1, SA-2, SA-2a, SA-3, and SA-4 across the full multiplier range,
with S-18 as the reference. SA-4 exhibited non-linear, thus additional absolute values
are reported in Table B.8. A full discussion is provided in Chapter 5.

Table B.7: SAGI sensitivity results (%)

Metric SA 06 07 08 09 10 11 1.2 13 14
SA-1  -1.28 -0.96 -0.64 -0.32 0.00 0.32 0.64 0.96 1.28
Total Cost SA-2 -13.54 -10.04 -6.62 -3.28 0.00 3.24 6.44 9.60 12.74

SA-2a -1.25 -0.90 -0.58 -0.28 0.00 0.27 0.54 0.79 1.04
SA-3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SA-4 3.72 2778 1.82 0.89 0.00 -0.82 -1.59 -2.31 -2.97

SA-1 0.16 0.11 0.08 0.04 0.00 -0.04 -0.08 -0.13 -0.16
Electricity Imports SA-2 412 3.10 1.92 0.86 0.00 -0.74 -1.51 -2.25 -2.90
SA-2a  1.70 1.15 0.66 0.30 0.00 -0.25 -0.46 -0.67 -0.88
SA-3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SA-4  -3.34 -1.48 -0.42 0.06 0.00 -0.22 -0.44 -0.85 -1.38

SA-1 0.87 0.61 0.45 0.16 0.00 -0.23 -0.38 -0.52 -0.74
BESS Discharge  SA-2 -11.92 -7.94 -5.02 -2.26 0.00 2.34 4.41 6.27 7.44
SA-2a -21.71 -14.99 -9.39 -4.65 0.00 4.99 9.06 13.09 17.78
SA-3 0.19 0.16 0.10 0.06 0.00 -0.07 -0.16 -0.24 -0.29
SA-4  -0.33 -0.35 -0.13 -0.04 0.00 0.03 0.14 0.16 0.24
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Table B.8 reports the absolute system response to variations in GSHP COP. The
diagnostic columns reveal the underlying mechanism: at low COP multipliers the
system substitutes heat supply back towards district heating, reducing GSHP utilisa-
tion and producing a non-monotonic cost response. This behaviour is discussed in
Chapter 5.

Table B.8: SA-4 GSHP COP sensitivity

Metric Unit 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
Electricity Imports MWh 7,844 7,995 8,081 8,120 8,115 8,098 8,079 8,046 8,003
Total Cost SEK 4.71  4.67 462 458 454 450 447 444 441
P gsup kWh 3,830 4,432 4,777 4,934 4913 4,844 4,770 4,638 4,466
Qasup kWh 8,176 11,009 13,600 15,780 17,416 18,824 20,128 21,105 21,827
®pu kWh 17,949 15,115 12,524 10,344 8,708 7,300 5,997 5,019 4,297
GSHP Ratio % 31 42 52 60 67 72 7 81 84

B.2.2 SAG2: S-31

Table B.9 reports the relative change in total cost, electricity imports, and BESS
discharge for SA-1, SA-2, and SA-2a across the full multiplier range, with S-31 as
the reference. The CP power rating analysis is reported separately in Table B.10
as it uses discrete values rather than a continuous multiplier. A full discussion is
provided in Chapter 5.

Table B.9: SAG2 sensitivity results (%)

Metric SA 06 07 08 09 10 11 1.2 13 14
SA-1  -1.48 -1.11 -0.74 -037 0.00 0.37 0.74 1.11 1.48
Total Cost SA-2 -16.21 -12.11 -8.05 -4.01 0.00 3.99 7.98 11.94 15.89

SA-2a -0.94 -0.69 -0.45 -0.22 0.00 0.22 0.43 0.64 0.84

SA-1 0.05 0.04 0.02 0.01 0.00 -0.01 -0.02 -0.04 -0.05
Electricity Imports SA-2 1.24  0.93 0.58 0.26 0.00 -0.22 -0.46 -0.68 -0.88
SA-2a  0.46 0.31 0.18 0.08 0.00 -0.07 -0.12 -0.18 -0.23

SA-1 0.81 0.63 047 0.21 0.00 -0.18 -0.31 -0.62 -0.76
BESS Discharge  SA-2  -11.6 -7.97 -5.04 -2.24 00.0 2.27 4.20 5.80 7.21
SA-2a -21.93 -15.13 -9.22 -4.58 0.00 4.64 8.97 13.43 17.32
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Table B.10 reports the relative system response to variations in CP power rating

for S-31. A power rating of 11 kW serving as the reference value consistent with
Section 3.6.

Table B.10: SAG2-3 CP power rating sensitivity (%)

Metric 7.4 kW 11 kW 22 kW 50 kW
Total Cost 0.03 0.00 -0.16 -0.60
Electricity Imports -0.07 0.00 0.10 0.24
Bess Discharge 0.00 0.00 0.09 0.17
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C

ISO Country Codes Used in
Table 1.1

The following ISO 3166-1 alpha-2 country codes appear in Table 1.1, listed in
alphabetical order:

AT Austria
CH Switzerland
DK Denmark
ES Spain

FR France
IE Ireland
IR Iran

IT Italy

NO Norway
PT Portugal
SE Sweden
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