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Abstract: In the future, advanced multi-energy systems are expected to handle an increasing
share of fluctuating renewable energy generation through the management of multiple advanced
energy conversion and storage technologies operating across different energy carriers. The market
diffusion of such concepts of Local Energy Management—the management of energy supply, demand,
and storage within a given geographical area—is expected to provoke a fundamental reorganization
of the power generation sector. This work contributes to this topic by estimating the maximum
potential economic value attained from using the flexibility of a district to take advantage of operating
within multiple electricity markets at the same time. The study is based on the measured demand
and production data of a newly built suburban residential district located in Central Switzerland.
The actual configuration of the district and the resulting flexibility, as well as an extension with a
battery storage system, is used to estimate the economic value of the flexibility. Then, an optimization
algorithm manages flexible demand, production, and storage capacities in order to alternatively
maximize the revenues/cost savings, self-sufficiency, or share of renewable resources of the district’s
energy supply. In this vein, the impact of the way the system operates in the markets regarding the
degradation of the battery is assessed and its pay-back-time is estimated. The analysis revealed a
considerable profit potential associated with the district thermal and electricity storage flexibility,
in particular, when operating on both the spot and reserve electricity markets. Firstly, it was shown
that overall energy costs can be minimized through an optimal management of energy conversion
and storage systems. Secondly, complementing the infrastructure with batteries and trading flexibility
on the spot market would decrease costs by about 43%, while an additional 20% cost decrease could
be captured by including trading on the reserve market. Thirdly, it has been shown that operation on
the spot- and reserve market does not seem to degrade the battery more than solely operation on
the spot market. However, when operating on the spot- and reserve markets, battery amortization
would still take about 10 years.

Keywords: distributed generation; energy hubs; energy markets; Local Energy Management;
multi-energy systems

1. Introduction

In the future, the European energy system is expected to exhibit an increasing share of fluctuating
renewable energy sources [1]. This requires the management of multiple advanced energy conversion
and storage technologies operating across different energy carriers to optimize the rational conversion
of bio and fossil resources through dedicated multi-energy-systems. This is best understood with
the concept of an energy hub, firstly introduced by Geidl et al. [2] and further expanded by
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multiple researchers [3–5]. On an urban scale, possible environomic (i.e., thermodynamic, economic,
and environmental) advantages of energy hubs with respect to conventional centralized energy
systems were described by several researchers. For example, Chicco and Mancarella [6] as well as
Koirala et al. [7] highlight the possibility to deliver more environmentally friendly energy services
at lower costs, both for the system, due to the potential for grid stabilization, as well as for the
individual customer, due to the possibility of benefiting from varying market prices. However, due to
the increased complexity of such systems, one needs to incorporate a more holistic perspective when
assessing the economic benefits [8,9]. As a consequence, there is a lack of studies assessing multiple
economic value streams of a distributed energy system simultaneously.

The local management of the energy supply, demand, and storage is expected to provoke a
fundamental reorganization of the power sector, yielding new emerging business opportunities [10].
Amongst others, the market valorization of the flexibility offered by the combination of smart grids
and distributed generation is considered as a promising new business opportunity. Already in 2013,
Mancarella and Chicco [11] described the benefits emerging from the ability of multi-energy-systems
to shift loads from one energy carrier to another and store energy in various forms and exploit such
flexibility on ancillary services markets. As a consequence, for example, research was performed to
estimate the value of the flexibility of multiple aggregated prosumers for the spot market under given
bidding rules [12]. Other studies have dealt with the development of control schemes to optimize
local energy management considering possibilities for market participation [13,14], stochastic market
prices [15], and locally distributed intelligence for grid congestion and management [16]. All of these
studies indicate a large potential of the local flexibility. Still lacking, however, is an assessment of the
monetary value of local energy systems flexibility considering simultaneous participation in both the
spot and reserve electricity markets.

Some researchers have identified the cost of locally produced flexibility to be much larger than
the one in spot- and reserve markets [17]. However, they (a) didn’t study the possible revenue out
of the flexibility which is already present but only emerges by understanding the energy system as
an energy hub and (b) didn’t explicitly list the specifications of the technologies in detail, such as for
example the assumed number of cycles for the battery. Other studies highlight regulatory and market
limitations for making economic benefits from distributed flexibility aggregators but generally agree
on the importance of incorporating distributed flexibility into future energy systems [18]. Besides
this, Ottesen et al. [19] have already described and investigated the best decision rules and the
impact of incomplete knowledge on the total profitability for a flexibility aggregator when operating
simultaneously on reserve markets and spot markets. However, they were only considering the tertiary,
and not, additionally, the secondary, reserve markets and were estimating the profitability for only
eight weeks, while this study covers a whole year.

This work is the first to assess the maximal potential valorization of the flexibility associated
with Local Energy Management solutions at the district level in various electricity markets both
simultaneously and separately over a whole year. It may serve as a stepping stone for further
researchers to investigate the maximum profitability in other cases and show ways to exploit this
potential. As shown, the existing literature focuses on the valorization of the local flexibility only
with respect to selected markets. The novel contribution provided by the present study relates to the
original approach of considering the options of valorizing the available local energy management
flexibilities on both the spot and two-reserve electricity markets simultaneously. The research presented
in this paper builds on the presented previous studies which have already highlighted, described, and
partly characterized the potential profitability of local-scale multi-energy systems for the provision of
ancillary services. However, no study to date has investigated the optimal local energy management in
multi-energy systems by considering the possibility of simultaneous participation in multiple markets.

The innovative approach applied in this study builds upon the development of an optimization
algorithm that provides the optimal management of the available flexible demand, production,
and storage capacities in order to maximize the revenues and the cost savings obtainable from trading
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at the same time on both the spot and multiple-reserve electricity markets. The study shows the
potential based on the measured demand and production data of a newly built suburban residential
district located in Central Switzerland and assesses the revenue potential ex-post. The district consists
of six multi-family residential buildings and relies on the interaction of electricity and thermal networks,
including renewable production through photovoltaic and solar thermal panels, as well as several
thermal storage options.

In addition, the option of including batteries has been considered. We pose the hypothesis that
providing flexibility to various markets is expected to affect battery cycling, which is limited by the
products’ characteristics. For stationary lithium-ion batteries, a lifetime of 10 years and an average
number of 10,000 cycles is guaranteed, with the batteries health largely depending on its operation
in optimal conditions [20,21]. Among the factors most affecting the degradation of a battery are the
current, the depth of discharge, the state of charge, and the temperature [22]. As the optimizer does not
affect temperature, this is considered to be outside of the system boundaries. In commercially available
solutions the battery management systems ensure that the battery is not run outside its technical
specification. However, even when operated within a technically safe operating range, the optimal
State of Charge (SoC) limits, with respect to minimal battery degradation, have been reported as
between 20% and 85% SoC [23]. Electricity cycled either below or above the recommended SoC-levels
accelerates battery degradation. As the optimizer impacts the amount of electricity stored at low and
high states of charge, we assess the amount of energy cycled in total and, particularly, outside these
recommended boundaries. As a consequence, our simple battery degradation model is similar to the
one applied in [17], which is based on the number of full cycles; however, we expanded it by explicitly
considering at which SoC the charging and discharging occurs.

The paper is organized as follows. In Section 2, the use-case district and the applied optimization
algorithm are described. In Section 3, the results of the analysis are presented and discussed. Finally,
conclusions are drawn in Section 4.

2. Methodology

2.1. The Case Study: Suurstoffi

The case study used in this project refers to a district named Suurstoffi in Rotkreuz in Central
Switzerland. The district has been under construction since 2011. When completed, the district will
account for about 30 buildings dedicated to residential and commercial use. The present investigation
refers to six residential multi-family buildings including 141 flats operating since 2012 and accounting
annually for electricity demand of about 0.7 GWh, 1 GWh of combined sanitary water (SW) and space
heating (SH), and 50 MWh of cooling demand [24]. The reference SH consumption is 36.5 kWh/y/m2.
In Figure 1a, the Suurstoffi district is shown, and the considered buildings are outlined in orange.
The electricity, heating, and sanitary water demands of these buildings, as well as the available solar
radiation, have been monitored at a 15-min resolution since 2012 [25]. Previous studies focusing on
the Suurstoffi district used optimization techniques to evaluate the performance of the site’s energy
system [26] and evaluated possibilities for façade photovoltaics [26]. Neither considers the possibilities
for the participation of the electricity market. This study considers the load profiles and energy market
prices referring to the full year 2013. The considered mix of the Swiss electricity grid consists out of
about 55% of renewable energy [27].

As shown in Figure 1b, the buildings are equipped with heat pumps for SH and SW production
which are connected to SH and SW thermal storages. A low-temperature thermal network connects the
buildings in the district and serves as a heat source for the building-level heat pumps (HP). Photovoltaic
(PV) and hybrid solar thermal and photovoltaic panels (PVT) are located on the roof of each building.
The heat provided by the solar panels feeds the SW and SH thermal networks. Furthermore, a ground
borehole field, connected to the low-temperature network, is used as seasonal storage serving as a
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heat source for the SH and SW and as a heat sink for all excess heat (i.e., from cooling and excess heat
production). For further details on the building energy infrastructure, refer to [25].
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With respect to the existing energy infrastructure, the current study considers the cooling to be
provided by a chiller (instead of the existing free cooling), to cover for the fairly small 50 MWh cooling
demand. Furthermore, the thermal network connecting the buildings has not been explicitly modeled.
Additionally, a specific scenario considering the integration of batteries has been evaluated. The main
features of the modeled energy infrastructure are summarized in Table 1 for each building.

Table 1. Energy infrastructure features.

Building n◦ 1 2 3 4 5 6

Floor surface [m2] 4111 1747 2852 3212 4227 2822
SH storage capacity [kWh] 46 35 46 46 46 46
SW storage capacity [kWh] 114 57 71 86 114 86
Thermal mass building
capacity [kWh] 41 17.5 28.5 32.1 42.3 28.2

Ground storage thermal
capacity [kWh] 200 92 150 172 220 148

Battery capacity [kWh]
Baseline/Battery scenario 0/40 0/40 0/40 0/40 0/40 0/40

Solar PVT surface [m2] 215 112 168 206 211 154
PVT Thermal Efficiency [-] 0.7
PVT Electric Efficiency [-] 0.18
Solar PV surface [m2] 212 112 168 206 211 154
PV Electric Efficiency [-] 0.18
HP SH max power [kW] 127 127 127 127 127 127
HP SH COP [-] 5.5
HP SW max power [kW] 340 340 340 340 340 340
HP SW COP [-] 4
HP cooling max power [kW] 300 300 300 300 300 300
HP cooling COP [-] 4.5

2.2. The Optimization towards the Spot and Power Reserve Electricity Markets

The applied optimization algorithm is part of the commercial solution of the company MISURIO
AG [28]. It manages flexible demand, production, and storage capacities in order to maximize the
revenues obtainable from the spot electricity market and the electricity reserve market. The optimizer is
designed for multi-energy systems where different types of energy production, demand, and storages
are combined. The elements in these systems can be divided into two categories. Firstly, energy
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conversion devices (e.g., heat pumps, PV systems, oil boilers, and potential power-to-gas units),
and secondly, energy storages (e.g., electricity, gas, and thermal storages). The latter also includes the
thermal mass from the buildings, which is utilized as the thermal energy storage.

Since the optimization not only considers the spot market but also the electricity reserve market,
the model needs to consider reserve energy flows, as well as the actual energy flows. If for example,
a heat pump is used to offer positive balancing power, it needs to be run at this given power level
during the time period that the balancing power is offered. When a call for this power is made,
the heat pump would then reduce its power. Meanwhile, the amount of heat in the storage needs
to be high enough to ensure that the heat demand is always met. This obviously also affects the
previous load profiles of the heat pump and interacts with locally produced heat and electricity. As a
consequence, a system of complex interdependencies results, with an optimal operation for a given
optimization objective.

The optimum of this complex system of linear equations is then solved with the use of a
commercial solver (IBM ILOG CPLEX Optimizer) [28]. To this end, the flows between all the system
elements and those coming from the outside, in addition to the state of the storages are transformed
to a large system of linear equations that affect each other at every given timestep. In this study,
the solver objective function is the minimization of all costs and the maximization of all yields.
The cost components considered are the result of energy exchanges with the grid, the costs associated
with the maximum power taken from the grid in a month, and the cost of fuel, if applicable.
The revenues are obtained from trading locally produced energy and flexibility on the spot- and
reserve electricity markets.

As a consequence, the optimizer requires a given scenario of the future and does not require a
decision matrix concerning how to bid and operate on various markets as it will automatically choose
the economically most profitable bidding strategy. This approach was deemed to be suitable, as the
aim is to assess the potential value of flexibility in a market and not to assess the impact of a certain
decision heuristic as in [12] or the impact of incomplete knowledge on the total revenues as in [19].

With the right choice of parameters, the optimizer can also prioritize the self-sufficiency (1) and the
share of renewable energy sources (2) of the district in the optimization. Additionally, when no weight
is given to self-sufficiency or renewable sources, and the prices are fixed in time, the optimization will
find the best solution in terms of the least energy conversion and storage losses. Both self-sufficiency
and ‘share of renewables’ are calculated on a monthly- and yearly basis. The yearly share of renewables
and self-sufficiency is calculated as an average of the monthly shares.

Self-sufficiency = kWhel produced/(kWhel imported + kWhel produced − kWhel exported) (1)

Share of renewables = 1 − (kWhel not renewable/kWhel tot) (2)

The energy flow between the different devices is calculated at a 15-min resolution, taking into
account the energy conversion efficiency and maximum power for each device. For the energy storage
elements, the minimum and maximum storage capacity and storage losses are also considered.
The various elements are connected to each other through the thermal, electrical, and gas grids.
Demand, production, and market prices are specified as time series at a 15-min resolution. In the
present case study, no gas grids and power-to-gas conversion utilities are considered as they are not
present in the studied district.

The optimizations cover the entirety of the year 2013, and consider, as inputs, the measured
energy demand and solar radiation profiles in 2013. For the profitability estimation, the prices from the
Swiss electricity spot market and the Swiss electricity reserve market, including secondary (four-hours
blocks) and tertiary (one-week blocks) have been considered [19]. In this analysis, grid connection
costs and taxes applicable to the energy imported from the grid, and potential feed-in tariff have not
been considered.
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3. Results and Discussion

This section presents the results of the optimization. In Section 3.1, the baseline scenario is
presented, which reflects the existing infrastructure in the district (with the exception of free cooling,
as mentioned in Section 2). Secondly, in Section 3.2, sensitivity analyses aiming to assess the role of the
different available thermal storage options are presented. Thirdly, in Section 3.3, the scenario including
batteries is considered. Fourthly, in Section 3.4, the impact of trading the flexibility on both the spot
and reserve markets is presented for both scenarios. Finally, the impact on the battery is discussed in
both scenarios.

3.1. Baseline Scenario

The monthly total primary energy exchanges related to the baseline scenario are summarized
in Figure 2a. The overall primary energy demand is about 50% lower during summertime than in
wintertime. Local renewable energy (electricity and thermal energy from PV and PVT) is mostly
produced in summertime. As a consequence, electricity is imported from the grid in wintertime and
exported in summertime.
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Figure 2. Baseline scenario: (a) Monthly primary energy exchanges; (b) monthly share of renewables
and rate of self-sufficiency; (c) grid price; (d) monthly revenue/cost results.

In Figure 2b, the split between local vs. imported and renewable vs. non-renewable resources
is presented. The self-sufficiency and the share of renewables reach, in a monthly average, 100%
in summertime, when the PVT production is at its maximum level and there is no SH demand.



Buildings 2018, 8, 181 7 of 14

In wintertime, the share of renewables decreases to a minimum of 75%, while self-sufficiency goes
down to 40%. This difference between the two indices is due to the fraction of renewable energy
imported from the grid in wintertime (i.e., 55% of the grid electricity mix). Considering the average over
the year of the monthly averages, the system achieves a share of 92% renewables and a self-sufficiency
of 83%. Figure 2c compares the average monthly market price and the average market price paid by the
district. The applied optimization approach enables the minimization of the costs; in every month of
the year, the average paid electricity price is lower than the average market price. Figure 2d presents the
monthly distribution of revenues and costs related to the grid exchange, including, the revenue/costs
streams associated with trading on the spot market (i.e., grid exchange), and the cost associated to the
monthly maximum power taken from the grid (i.e., grid peak). Grid peak costs vary by about 35%
between the maximum cost in January and the minimum cost in July. The electricity trading activity
with the grid provides a positive cash flow from May to September. However, even in the summer
months, it does not compensate for the grid peak costs and overall in every month, the costs are higher
than the benefits. The annual cumulative cost/revenues balance amounts to a cost of about 31,000€.

3.2. The Influence of Thermal Energy Storages

Sensitivity analyses have been run to investigate the different contribution of each available
thermal storage option, namely, the sanitary water storage, the space heating storage (including
the building thermal capacity), and the ground storage. Individual optimizations have been run,
excluding one thermal storage option at a time. The resulting yearly profit, share of renewables, and
self-sufficiency analyses results are shown in Table 2.

Table 2. Sensitivity of yearly profitability, self-sufficiency, and share of renewables depending on
thermal storages.

Scenario Costs/Revenue Yearly Balance Self-Sufficiency Share of Renewables

Unit [EUR] [%] [%] [%]

All thermal storages −31,733 0 83.6 92.6
Excluding SW storage −31,902 −0.5 83.3 92.5
Excluding SH and building
thermal capacity storage −32,626 −2.8 82.8 92.3

Excluding ground storage −32,028 −0.2 83.6 92.6
Excluding all thermal
storage options −40,845 −28.7 81.9 91.9

The analyses show that excluding a single thermal storage option does not significantly impact
the overall results. This indicates that the other thermal storages compensate the removal of a single
thermal storage. When the SH storage is excluded, the use of the ground storage option is significantly
higher (about 40% more). Despite the fact that the ground storage is a relatively less efficient storage
option with respect to the SH storage, the impact on the overall profit, self-sufficiency, and share of
renewables is marginal. A significant impact on the results is detected only when excluding all thermal
storage options. In this latter scenario, the overall annual cost increases by about 29%, and the annual
self-sufficiency decreases of about 2%.

In general, the performed sensitivity analyses enable to conclude that the flexibility associated
with the thermal storage options in residential newly built districts—such as the case study here
investigated—, if valorized in the electricity spot market, can generate additional revenues reducing
the yearly total expenses of about 30%.

3.3. Scenario with Batteries

The influence of including batteries as an electricity storage option has also been investigated.
With respect to the baseline scenario, 40 kWh of battery capacity has been included in each building
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model for a total district battery capacity of 240 kWh. The optimization results referring to this scenario
are presented in Figures 4 and 5.

Energy production and demand profiles have been kept unchanged with respect to the baseline
scenario. A small, yet noticeable and interesting difference between the baseline and the battery
scenarios appears with regard to the amount of electricity exchanged with the grid; about 7% more
electricity is exchanged with the grid over the time horizon of the model. This is coherent with the
fact that the optimizer favors the electricity exchanges with the grid and uses the batteries to take
advantage of the electricity price variation in the spot market. This leads to the surprising result,
shown in Figure 3 and Table 3, where the annual share of renewables and the self-sufficiency levels
are slightly lower in the battery scenario than in the baseline scenario. This is explicable considering
that, due to the selected optimization objective—the maximization of the profitability—the optimizer
operates the battery to maximize the profit from the electricity trading. The side effects of such an
operating strategy are higher energy losses in the batteries and, therefore, a higher positive net import
of electricity from the grid.
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Table 3. Yearly profitability, self-sufficiency, and share of renewables for the baseline vs
battery scenarios.

Scenario Costs/Revenue Yearly Balance Self-Sufficiency Share of Renewables

Unit [EUR] [%] [%] [%]

Baseline −31733 0 83.6 92.6
Battery −17925 +43.5 82.5 92.1

Figure 4 presents the monthly revenues/costs balance for the battery scenario. With respect to
the baseline scenario, shown in Figure 2d, the profit advantage related to the batteries is significant.
The monthly cost/revenues balance is positive from May to August. Overall, during the course of
a year, the batteries enable a cost reduction of approximately 43%. However, the cumulative annual
operative income stays negative. Considering the current market cost of batteries for residential
applications, which in Switzerland is about 1000€ per installed kWh, the cost difference between the
baseline and battery scenarios would amortize the batteries’ cost in about 15 years [20,21].
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Figure 4. Battery scenario: Monthly revenue/cost results.

3.4. The Contribution of the Reserve Market

In this section, the impact of trading the available flexibility on both the spot- and reserve
electricity markets is analyzed. The optimizer has the option to trade the flexibility either in the reserve
or in the spot market or to define an optimal repartition between the two options. The overall results
of all the different scenarios analyzed are summarized in Table 4.

Table 4. Yearly profitability, self-sufficiency, and share of renewables for the baseline vs battery
scenarios considering both spot and reserve markets.

Scenario Costs/Revenue Yearly Balance Self-Sufficiency Share of Renewables

Unit [EUR] [%] 1 [%] [%]

Baseline −26373 +16.91 83.5 92.5
Baseline w/o

thermal storage −40845 −28.7 81.9 91.9

Battery −11375 +64.2 82.5 92.1
Battery w/o

thermal storage −21672 +31.7 80.7 91.3

1 Costs/revenues balance: baseline scenario, spot market only = 0%, c.f. Table 3.

Figure 5a shows the yearly distribution of costs and revenues obtained from the optimization of
the baseline scenario. The total yearly costs/revenues balance remains negative with a total cost of
about 26,000€. The ancillary services provided to the reserve market reduce the costs by 16% with
respect to the spot-market-only equivalent scenario. The reserve market revenues are uniformly
distributed throughout the year, except for a very high positive peak in April 2013 in which market
prices have been particularly favorable in the reserve market.

In Figure 5b, the yearly revenues/costs balance is presented for the battery scenario. Integrating
the batteries into the existing infrastructure and trading the flexibility on both the spot and reserve
markets would reduce costs by about 47% with respect to the corresponding baseline scenario. In this
more favorable scenario, the payback time of the batteries decreases to about 10 years, which is the
guaranteed lifetime of current, commercially available products [29]. This is in contrast to another
study [17], which indicated that a battery is economically not viable for providing flexibility to different
markets. The different results can be explained by this other study considering only a single market
and not considering the integration of the battery within an energy hub.



Buildings 2018, 8, 181 10 of 14
Buildings 2019, 9 FOR PEER REVIEW  10 of 14 

  
(a) (b) 

Figure 5. Monthly revenue/cost results: (a) Baseline including reserve market; (b) battery scenario 
including reserve market. 

3.5. Battery Operation 

Battery cycling for discharging at a different SoC for both scenarios is depicted in Figure 6. Each 
bar in Figure 6 represents the amount of electricity discharged within a specific range of the SoC. For 
example, the leftmost two bars represent the amount of electricity discharged when the battery SoC 
was between 100% and 90%. It is sufficient to just look at the discharged volume, as the charging and 
discharging volume are approximately balanced over the course of a year. The SoC at the end of the 
year was different only by about 60 kWh. In other words, each discharged MWh of electricity at a 
given SoC first needs to be charged at this SoC. To then roughly assess the degradation, it is 
sufficient to sum the discharged (or charged) kWh outside of the SoC limits recommended in the 
literature [23]. 

 
Figure 6. Battery cycling for two scenarios in specific (State of Charge) SoC-bins. 

Table 5 presents the battery energy flows for operation of the district on the spot market only 
and the spot- and reserve markets. 

Table 5. Electricity charged below or above the recommended SoC-limits. 

Scenario 
Total 

Energy 
Cycled 

Number of 
Full Cycles 

Operation Below 
20% SoC 

Operation Above 
85% SoC 

Total Energy Cycled 
Below or Above 

Recommended SoC 
Unit [MWh] # [MWh] [%] 1 [MWh] [%] 1 [MWh] [%] 2 

-6000

-4000

-2000

0

2000

4000

6000

01 02 03 04 05 06 07 08 09 10 11 12

R
ev

en
ue

/C
os

t (
EU

R
)

Month
Grid exchange Grid peak
Ancillary services Total

-6000

-4000

-2000

0

2000

4000

6000

01 02 03 04 05 06 07 08 09 10 11 12

R
ev

en
ue

/C
os

t (
EU

R
)

Month
Grid exchange Grid peak
Ancillary services Total

0

10

20

30

40

1 - 0.9 0.9 - 0.8 0.8 - 0.7 0.7 - 0.6 0.6 - 0.5 0.5 - 0.4 0.4 - 0.3 0.3 - 0.2 0.2 - 0.1 0.1 - 0A
m

ou
nt

 d
is

ch
ar

ge
d 

[M
W

h]

SoC bin

Spot- and reserve market Spot-market only

Figure 5. Monthly revenue/cost results: (a) Baseline including reserve market; (b) battery scenario
including reserve market.

Finally, in order to investigate the interaction between electricity and thermal storage,
an optimization including the batteries and excluding all thermal storage options has been performed.
The overall results of this optimization are presented in Table 4. The analysis shows that, with respect to
an ideal scenario excluding both storage options (baseline scenario w/o thermal storage), the electricity
storage achieved costs savings of approximately 47% (battery scenario w/o thermal storage), while
the thermal storage reduced costs by approximately 35% (baseline scenario). However, the thermal
storage enables a higher self-sufficiency and share of renewables levels to be achieved. It is interesting
to note that the combination of electricity and thermal storage options (battery scenario) lowered
costs less (72%) than the hypothetical case where the battery-only and thermal storage-only optimal
costs/revenues balances are summed (82%).

3.5. Battery Operation

Battery cycling for discharging at a different SoC for both scenarios is depicted in Figure 6. Each
bar in Figure 6 represents the amount of electricity discharged within a specific range of the SoC.
For example, the leftmost two bars represent the amount of electricity discharged when the battery
SoC was between 100% and 90%. It is sufficient to just look at the discharged volume, as the charging
and discharging volume are approximately balanced over the course of a year. The SoC at the end of
the year was different only by about 60 kWh. In other words, each discharged MWh of electricity at a
given SoC first needs to be charged at this SoC. To then roughly assess the degradation, it is sufficient
to sum the discharged (or charged) kWh outside of the SoC limits recommended in the literature [23].

Table 5 presents the battery energy flows for operation of the district on the spot market only and
the spot- and reserve markets.

As can be seen from Table 5, the battery undergoes a similar amount of full cycles operating on the
spot- or on the spot- and regulating market. Operating on the spot- and reserve market, the average
number of battery load cycles per day is 2.5, which is 5% lower than in the corresponding scenario
that considers only the spot market. Similarly, the overall charged/discharged electricity below or
above the recommended SoC level of 85%, that would result in accelerated battery degradation, is
about 160 MWh for both operation modes (with each 80 MWh charged and discharged, as shown in
Figure 6). Operating on the spot market only, 39% of the total 80 MWh cycled outside of from the
literature-recommended SoC-limits are charged and discharged below a SoC of 20%. Operating on the
spot- and reserve market, increase this value to 51%, indicating that the battery stays more often empty
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in order to be able to profit from negative tertiary regulating services. As a consequence, participating
in both the reserve and spot markets does not seem to inflict increased battery degradation when
compared to operation in the spot market only.
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Figure 6. Battery cycling for two scenarios in specific (State of Charge) SoC-bins.

Table 5. Electricity charged below or above the recommended SoC-limits.

Scenario
Total

Energy
Cycled

Number
of Full
Cycles

Operation Below
20% SoC

Operation Above
85% SoC

Total Energy Cycled
Below or Above

Recommended SoC

Unit [MWh] # [MWh] [%] 1 [MWh] [%] 1 [MWh] [%] 2

Spot market only 450 937 62 39 98 61 160 36

Spot- and reserve
markets 426 886 82 51 78 49 160 38

1 Refers to the total energy cycled below of above the recommended SoC. 2 Refers to the total energy cycled.

3.6. Limitations

The presented numbers reflect an ex-post analysis of the maximum revenue potential. Further
studies would need to apply a rolling horizon approach in order to better account for uncertainties.
However, this would require a second tool, that is able to predict demand, supply, and market prices
for the area of study. As indicated by Ottesen et al. [19], imperfect information about the future
could lower the revenues by as much as 30%. In their study, the algorithm had difficulties regarding
the prediction of future peak prices and was choosing strategies which are more flexible to avoid
risks, which lowered the profitability. As a consequence, the total revenue depends on the quality of
the predictions and the bidding strategy of the algorithm. However, in this study, we assessed the
maximum revenue potential, which might help to guide further work on this topic and indicate the
worthiness to invest time and resources in further tools.

Currently, the costs of battery degradation are not accounted for in the optimization. In future
versions of the optimizer, the degradation of the battery could be incorporated to better account
for the trade-offs under different optimization objectives and conditions. Additionally, the usable
capacity of the battery is assumed to stay the same over the whole period of investigation. As we
took manufacturer-guaranteed values, we deem this approach to be viable; however, future work
could include more sophisticated battery degradation models. However, further research is needed to
better estimate the likely impact of the operation and configuration of an energy hub on the battery.
Nevertheless, we have shown, that the degradation is not greatly influenced by operating the energy
hub either purely in the spot market or in the spot- and reserve markets. Hence, we consider the
conclusions drawn to be robust in this respect.
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4. Conclusions

The present work provides insights into the potential valorization of the flexibility associated
with Local Energy Management solutions at the district level in the electricity markets. Based on
measured demand and production data, estimations were made on the achievable profit by trading
the flexibility associated with a newly built suburban residential district on the spot- and reserve
electricity markets. The district energy infrastructure relies on an energy hub integrating electrical and
thermal networks and including renewable production through photovoltaic and solar thermal panels,
as well as several thermal storage options. Furthermore, the option of including an electricity storage
has also been analyzed. An optimization algorithm has been applied to ex-post simulate the optimal
management of the available flexible demand, production, and storage capacities in order to maximize
the revenue/cost savings obtainable from the spot- and reserve electricity markets.

The results showed that in our case study, the grid exchange and peak load costs can be minimized
through optimal management of the energy conversion and storage systems. Sensitivity analyses
have been performed to investigate the role of the different thermal and electricity storage options.
By valorizing the spot market, the thermal storage options’ flexibility generates revenues reducing
the yearly total expenses by about 28%. Including the option of trading on the reserve market
decreases the costs by an additional 16%. As a consequence, this study definitely indicates the
considerable value of the flexibility present in a building. However, harvesting this potential involves
considering legal requirements, establishing decision rules for market bidding, prognosing market
prices, as well as accurate estimations of local demand and supply. As we have shown the potential to
be considerable but limited, we recommend future investigations to focus on cases which already now
feature multi-energy systems that make use of their inherent flexibility.

The results showed that complementing the existing energy infrastructure with batteries would
decrease the costs by about 43% if trading only on the spot market. When also including the option
to trade on the reserve market, the costs decrease by an additional 20%. In this last, most favorable
scenario, the revenues created by the batteries would amortize their current market price in about
10 years, whilst not showing indications of an increased battery degradation rate. As a consequence,
the maximum revenue that can possibly be generated by letting a battery storage system operate on
both the spot and reserve markets only allows for payback of the acquisition and installation costs of
the battery. Considering the lower revenues generated with a rolling horizon approach, additional costs
due to maintenance, and the costs for capital, the economic viability is currently questionable. However,
falling battery prices and government incentives might make such an investment economically
profitable. In addition to other arguments, such as a contribution to the energy turnaround, this,
as of today, convinces certain customers.
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