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Wessam El-Baz*, Peter Tzscheutschler and Ulrich Wagner

Institute of Energy Economy and Application Technology, Technical University of Munich, Munich, Germany

Local energy markets represent a mean for distributed energy resources trading for
prosumers and energy management for utilities. In these markets, prosumers either trade
or shift their loads to maximize their trading gains via communicating with an energy
market platform. The utility considers the trading process as an approach to maximize the
autonomy and minimize the peak loads. The benefits of the prosumer and utility can vary
depending on several parameters such as the market rules, microgrid configurations,
or the lifestyle and social behavior of the market participants. In this paper, selected
scenarios are presented that discuss and analyze the major factors influencing the market
dynamics and microgrid energy balance based on a forward double-sided auction market
model simulation. These scenarios are divided into three scenario groups that consider
market design parameters, microgrid configurations, and user behavior. Furthermore,
the same scenarios are once more evaluated using a reference model, where no market
platform is integrated, so that the results of the energy market can be compared. The
results are analyzed based on multiple metrics from the perspective of the prosumer and
utility to quantify and compare the benefits of the two major market players.

Keywords: microgrid, Island, grid-connected, energy market, peer-to-peer, energy management systems,
energy trading

1. INTRODUCTION

Societies are transforming the traditional fossil fuel-based supply into a sustainable energy supply
that is more environmentally friendly and economically viable. In Germany, the energy system
transformation is being realized through expanding the renewable energy sources’ (RES) share
and increasing the energy efficiency (Renewable Energies Agency, 2016). Along the way of the
energy transition, the nature of the electricity grid is transforming. The dependency on centralized
power stations is decreasing, and the electricity is being more generated by small power systems
that are distributed all over the grid. Between 2002 and 2017, the installed RES increased from
18 to 111 GW. The photovoltaic systems (PV) represent the highest share of the RES, where the
capacity increased from 0.3 to 42.71 GW within the same period (Renewable Energies Agency,
2016; Bundesministrium fiir Wirtschaft und Energie, 2017). According to Maron et al. (2011) and
Federal Ministry for Economic Affairs and Energy (BMW1i) (2017), 39.4% of the PV capacity is
owned by the residential sector, while 19.2% is owned by the commercial and industrial sectors.
As much as these figures indicate the progress of energy transition, it demonstrates the extent of
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transformation in the national grid, and the necessity to
modernize the way of managing the grid to adapt to the
growing RES. Using conventional concepts to manage the bi-
directional power flow is no longer valid. Moreover, more roles
are being assigned to the distribution network operators and the
energy consumers as well. Thus, traditional consumers are being
transformed into prosumers and becoming more aware of the
energy system. Hence, using their flexibility is becoming more
socially acceptable, as long as they are financially compensated.

Energy markets in microgrids represent not only an approach
for energy trading between prosumers but also for demand
side management. As discussed in El-Baz and Tzscheutschler
(2017), energy market can overcome several challenges faced by
current energy management systems such as scalability, decision
decentralization, and data privacy. However, energy markets are
among the most complex trading markets, given the nature of
the energy product. The energy product is highly customizable
and exposed to several technical and commitment constraints
(Weidlich and Veit, 2008). Hence, there are numerous factors
and possibilities to design and run the market.

The developments in the information and communication
technologies and the introduction of the Blockchain increased
the number of research discussing the applications of energy
markets at the microgrid and distribution level (Santos et al.,
2012; Goncalves Da Silva et al., 2014; Hu et al., 2016; El-
Baz and Tzscheutschler, 2017; Khaqqi et al., 2018). Guerrero
et al. (2017) compared the centralized against the distributed
trading approaches in the low voltage network under different
optimization goals to demonstrate the importance of local energy
markets. Bahrami and Amini (2018) developed a decentralized
energy trading algorithm, where uncertainties of generation
were considered. Khorasany et al. (2017) presented an hour-
ahead energy market, where a market subscription charge was
used as a price signal. In Zhou et al. (2018), multiple energy
sharing mechanisms based on a multi-agent framework were
evaluated. The authors discussed the economic and technical
benefit of the presented models for the residential prosumers.
Other studies were performed to investigate different game
theoretic approaches (Tushar et al., 2018), prosumer grouping
possibilities (Goncalves Da Silva et al., 2014), scalability (Janko
and Johnson, 2018), or even the weather forecasts requirements
(Agtiera-Pérez et al., 2018). Using the Blockchain technology,
(Mengelkamp et al., 2018) discussed the required components
for designing an energy market for the microgrids. Kang et al.
(2017) presented an electricity trading market for electric vehicles
(EVs) using consortium Blockchain. Noor et al. (2018) applied
game theoretic approaches and Blockchain to enable transactions
between individuals in the microgrid. Hwang et al. (2017)
proposed a transaction model as a service for the prosumers. The
authors worked on increasing the energy system efficiency while
maintaining transparent and secure transactions.

The scenarios presented in the literature were limited given
the multiple possibilities of market, microgrid, and prosumers’
buildings configurations. Kriukov et al. (2014) and Kang et al.
(2017) studied EVs integration in microgrids energy markets.
In the model of Marzband et al. (2013), micro turbines, wind
turbines, and PV systems were present in a real-time single sided

auction market. In this model, the prosumers were absent, and
the loads were assumed to be fixed. Chen et al. (2017) and
Nudell et al. (2017) studied the integration of combined heat and
power systems (CHPs) to the energy markets. Chen et al. (2017)
presented a multi-lateral trading model, yet prosumers were not
actively integrated.

The objective of this paper is to analyze multiple scenarios
of energy markets in microgrids to quantify the benefits of the
prosumer and utility under different technical and economic
constraints. The scenario analysis is performed based on a double-
sided auction model simulation over 1 year. The analysis covers
the following aspects:

e Market design parameters such as the trading intervals and
market pricing mechanisms

e Microgrid configurations that can be represented by
the number of prosumers and installed RES capacities
participating in the market.

e User behavior that influences the available flexibility within a
building such as the fixed load consumption share.

The structure of the paper is as follows: section 2 shortly describes
the used market design and its concept of operation. Moreover, it
presents the input parameters and defines the scenario groups.
Section 3 demonstrates and discusses the results of the different
scenario groups of both the market and reference model. Section
4 compares all the different presented scenario groups. Section 5
presents a conclusive summary of the whole study.

2. METHODS AND INPUT DATA
2.1. Description of the Model Used

El-Baz et al. (2019) presented a double-sided auction market,
where prosumers can trade their energy at different time
horizons. This market was designed to provide a fair trading
environment and maintain the prosumer’s privacy. Hence, the
double-sided auction was chosen to be timely discrete and
sealed. The discrete-timely double-sided auction synchronizes all
the communicated bids at every trading interval such that no
advantage is provided for faster traders. Having all the bids sealed
guarantees the prosumers data privacy and anonymity while
trading. Furthermore, a uniform clearing mechanism was chosen
to provide a competitive price for all the market participants and
encourage truthful bidding. A type day analysis of this market
model was earlier presented in El-Baz and Tzscheutschler (2017).

Figure 1 shows an overview of the model structure and
the communication process. The model consists of different
components such as a market platform, a home energy
management system (HEMS), a market agent, a device controller,
and devices D. At the prosumer level, a user interface is available
to communicate the user preferences (UP). A forecasting system
for the available RES and fixed load is necessary for forward
trading. At the microgrid level, a billing system is required to
inform the users about their costs. Additionally, the market
platform can receive a real-time price (RTP) from the utility or
directly connect to the wholesale market.

The first market communication step is at the device level,
where the device controller communicates the device status such

Frontiers in Energy Research | www.frontiersin.org

April 2019 | Volume 7 | Article 41


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

El-Baz et al.

Energy Market Platforms Potential in Microgrids

Real
— Billing |- Market Platform - Time
/4\ r Price
1
A V)
1 1
1 1
Bill Bids* MCP
1 1
I T
Single Building 1 1 ]
1 v ]
O == O
User
Interface A I : Forecast
.
Bids uP mcp
] L v
@ Market Agent @
A i
Status 1o Fixed
| s H A Load
@ Device Controller @

J

A
1/O- Statu
. Y

Device 1 Device 2 Device D

1...N Prosumer

FIGURE 1 | An overview of the model structure and communication steps
(El-Baz et al., 2019).

as an EV state of charge. In the second step, the market agent
receives the device status to develop the bids. In the market
model presented in El-Baz et al. (2019), the market agent behaves
depending on the type of device it is connected to. Thus, there is
an independently operating market agent with a different strategy
for each of the PV, EV, micro-CHP, and heat pump. Depending on
the device status and the UP, the market agent develops a bid b;
or bj, where i is an index of a buyer (i.e., consuming device) and
jis an index of a seller (i.e., generation device). The market rules
define the bid price p; or p; such that pyin < pi, pj < pPmax> where
Pmin and ppax are the feed-in price and import price of the utility,
respectively. pmax and py,in guarantee the prosumers profitability
and participation at every trading interval.

In the third step, the HEMS receives all the bids so that it can
be modified depending on the chosen operation mode (standard-
comfort - cost saving) as in Equation (1). ¢ and y are two
variables such that {¢p,y € R:0 < ¢,y < 1}. ¢ and y are set
by the user to increase or decrease the comfort or cost savings,
respectively. Additionally, the HEMS bids on behalf of the user
the fixed loads consumption gy at a bid price always equal to
Pmax so that the bids can always be accepted by the prosumers
or utility.

Pin if standard
©(Pmax — pi) + pi if comfort (1)
max()/(Pmin - pmux) +pi>pmin)

koo
pi,n -

if cost saving

In the fourth step, the market platform receives all the bids
from the N participating prosumers to clear the market. The
market clearing price is denoted by pe. In this market model, the
prosumers have the right to change their bids at any time until
the time of the gate closure #;. Also, they have the right to trade
at any forward trading horizon. The benefit of the prosumer is
evaluated based on Equation (2), where g% denotes an accepted
bid volume and # is the number of buyers or sellers bids. More
details about market rules are presented in El-Baz et al. (2019).

w = Z(Pmax - Pe)q;‘)fn + Z(Pe - pmin)q](‘)fn (2)
1 1

In the fifth step, the HEMS communicates the p, with the
prosumers via the user interface and forwards it to the market
agents for further optimization.

In the sixth step, the market agents define the accepted and
rejected bids based on the p,. If the bids are accepted, Market
agents send activation signals to the device controllers to at the
delivery time.

In the seventh, the device controller switches the device based
on the market agent signal. Further details about market market
rules, clearing process, and insights on the market dynamics are
documented in El-Baz et al. (2019).

In order to perform the scenario analysis and generate the
most accurate results, the market model is co-simulated on two
independent platforms: SimulationX and Matlab. SimulationX, a
Modelica based software, is used to model all the physical systems
such as the user’s building model, heat pump, micro-CHP, EV,
batteries, or PV system. Matlab is used to simulate the market
model components such the market platform and billing system.
Co-simulation of the market model with SimulationX enables
simulating the dynamics of the building models and physical
systems, in addition to monitoring the building temperature and
user’s comfort. Furthermore, the co-simulation implementation
is similar to the market implementation in real-life. The
SimulationX models can be replaced with the real physical
systems, while the Matlab models can be running on the cloud as
service. The co-simulations run for a complete year according to
the parameters defined in section 2.2 and the input data presented
in section 2.3.

2.2. Scenarios Definition

There is a various number of possible scenarios that can be used
to analyze the behavior of an energy market in a microgrid.
These scenarios can vary depending on the market design
parameters which are not limited to trading time horizon, trading
time interval, market rules, bidding strategies, and pricing
mechanisms. At the microgrid level, several combinations can
be analyzed for different microgrids sizes, distributed capacities,
storage devices, and technical constraints. At the prosumer level,
the type of devices integrated, their capacities, and setup can
vary. As an example, if a heat pump is installed, different storage
sizes can be analyzed. Additionally, the building type and size,
heat curves, set temperatures, and night setback can define the
prosumer load curve.
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The user behavior and lifestyle also have an impact on the
prosumers bids in the market. The higher the availability of
flexible loads, the higher is the potential of the prosumer to trade
in the market. User preferences and optimizations goals can also
play an important role. However, they have to be defined based
on the society where the market is used.

Calculating the combinations of these variables requires
high computational capacity and time. Thus, specific scenarios
are selected to represent the market behavior under the most
probable configurations. In this paper, three scenario groups are
discussed as per Figure 2. Although these scenarios are based on
the predefined model in the previous section, the results can be
relevant to other market models.

Group A discusses the double-sided auction (DA) market
design variables such as the p,,;, and the trading intervals. The
scenarios of Al vary the p,in, while holding every other variable
constant as shown in Table 1. The p,,;, is varied at a constant step
size between 0 and pyax. At pmin = 0, the prosumers might not
get any profit for their feed-in from the utility or trading in the
market, but might be able to operate the loads at lower costs. At
Pmin = Pmax> the market is inactive, as the market price is fixed.
The goal behind the scenarios of Al is to show the influence of
different feed-in tariffs and foreseeable market fees on the benefits
of the prosumers and the utility.

The influence of the trading intervals is also analyzed in group
A. The trading interval At is varied between 15 and 60 min.
The goal behind varying the trading intervals is to quantify
the benefits of higher trading frequency, given the same system
configuration and forecast quality.

Group B discusses the microgrid configurations, where the
influence of the number of prosumers and the installed PV
capacities are studied. An important aspect that needs to be
analyzed is the number of participants required to operate the
market. Given the decentralized structure presented in El-Baz
et al. (2019), each device in a prosumer’s building is a market
participant. Hence, the number of market participants is the
number of prosumers multiplied by the number of devices at
each prosumer’s house. In this scenario group, the number of
prosumers is varied between 2 and 15. Two represents the
minimum possible number of prosumers and 15 is the simulation
system limit, as each building and device is modeled non-linearly
in Modelica. Additionally, the average peak load reaches a plateau
for any microgrid size with more than 10 prosumers as discussed

Energy Trading

Market
Scenario Groups

Microgird )
G G Configurations. @lﬁhw

Sub-groups Al A2 Bl B2 c1

DA Market Design

Number of

Minimum Market Fixed Load
i Prosumers

Price J [ PV Capacities ] I Consumption

FIGURE 2 | An overview of the model structure.

Trading Interval

in the literature by Huber et al. (2013). Thus, evaluating a large
number of prosumers would not be helpful.

Another subgroup of scenarios addresses the influence of the
installed PV capacity at each prosumer’s building. The capacities
are varied from 1 to 12 kWp, which are the expected PV capacities
to be possibly installed at a prosumer’s building. The goal behind
this scenario is to evaluate the influence of the over- and under-
capacity on the market prices, prosumer, and utility.

The last group, group C, evaluates the user behavior.
Although the user behavior can be evaluated based on different
variables, fixed load consumption is used as an indicator of
the user behavior and lifestyle. Three categories define the user
consumption level: low, average and high. The range of each level
is explained in the next section. The goal behind this scenario
group is to present the influence of the fixed load consumption
magnitude on the prosumer’s profitability and behavior in
the market.

Within this paper, a separate analysis is performed on each
group of scenarios independently. The analysis discusses the
results from both the utility and the prosumer perspective, as
they are the two main stockholders of the market. Furthermore,
the scenarios are always compared to a reference case (no
market) and the base scenario. The comparison can be performed
based on several metrics, yet to summarize the results only self-
sufficiency, self-consumption, peak load, and costs are evaluated.
Table 1 summarizes the scenarios including the constant and
changing variables.

2.3. Baseline Scenario and Input Data

The baseline scenario is represented by a 10 single family
houses microgrid located in Munich, Germany. It is assumed
that these single-family houses are occupied by low energy
consuming prosumers, and are equipped with a heat pump, an
EV charging station, and a PV system. The fixed loads of the
prosumers are based on the high-resolution measurements of
Tjaden et al. (2015). All the measured households are connected
to the same distributor. Thus, it can be assumed that they are
located in proximity to each other and can represent a microgrid.
Figure 3A presents the distribution of the households yearly
energy consumptions, and Figure 3B presents the 10th to 90th
percentiles of power variation over time on a typical day. From
the typical day profile, it can be assumed that no PV is installed
at these houses, given the load peak at noon. Also, no operation
patterns of a heat pump, an EV charging or micro-CHP are found
in the separate analysis of the household profiles. Hence, it can
be deduced that there are no flexible devices in these houses and
these profiles can be treated as fixed loads profiles.

Using the consumption distribution presented in Figure 3A,
the households consuming 1,000-3,000, 3,001-7,000, and 7,001-
9,000 kWh/a are defined to be occupied by low, average, and high
energy consuming prosumers, respectively. Ten representative
profiles are picked from each category to represent the user
behavior in the scenario group C.

The integrated heat pump has 10.1 kWy,, and a COP of
5.02 at BO/W35 according to the standard EN14511. The heat
pump is responsible for covering the space heating and domestic
hot water consumption through a 7491 combi-storage. The
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TABLE 1 | Input parameters of the scenario groups.

Variables

Scenario groups Max. price Min. price Trading int. Num. of pros. PV capacity EV HP Fixed load cons.
Group A

Al / X / / / / / /

A2 / / x / / / / /

Group B

B1 / / / X / / / /

B2 / / / / X / / /

Group C

C1 / / / / / / / X

/Indlicates that the value is constant.
xIndicates that value is changing.

I 1000-3000 kWh/a 9% 4%
[ 3000-5000 kWh/a °
[C15000-7000 kWh/a
[—__17000-9000 kWh/a

32%

54%

A

FIGURE 3 | Seventy-four Household representative household profiles analysis, (A) annual energy consumption (B) electrical loads on a typical day.
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detailed system description and hydraulic configuration are in
El-Baz et al. (2018d).

A conventional single-phase charging station is integrated
with a power of 3.6 kW. The driving cycle of the EV is based on
the worldwide harmonized light duty driving test cycle (WLTC)
of class 3 (Tutuianu et al., 2014). The vehicle is assumed to be for
private use on working days and weekends. More information on
the implemented model is available in EST ITT.

A 6 kWp PV system is integrated in each single-family house.
The power profile of the year 2017 is used and scaled up based on
the data of El-Baz et al. (2018a). The prediction of the PV system
is based on the work of El-Baz et al. (2018b,¢).

The building model is configured based on the research
project data of EPISCOPE. A building of a single floor, a cellar
and an attic is integrated. The building construction year is
between 1984 and 1994. It has a heated living area of 150 m
and a room height of 2.5 m. The attic and cellar are assumed to
be unheated, while the living area is heated based on a supply
temperature curve that varies linearly depending on the outside
temperature. The hot water consumption is defined based on the
standard VDI 4655. The hot water circulation consumption is
based on the field measurements of Lipp and Jungwirth (2011).

In the base scenario, the trading interval is set to 60 min.
The utility is assumed to be always participating to balance the
market. Hence, the pyax and pyi, are set by the utility according
to the fixed import and feed-in tariff, respectively. The fixed
import is 0.26 €/kWh, and the feed-in tariff is 0.12 €/kWh as
per the EEG 2017 BSW Solar (2018). A RTP signal could have
been implemented, yet it would have led to suppressing several
effects in the selected scenarios (e.g., the impact of constant
minimum price).

3. RESULTS

3.1. Overview

This section describes the results of the analysis of the 3
aforementioned scenario groups. The scenarios are variations of
the baseline scenario and are always compared to the reference
scenario (no market). Each scenario is run for a complete year
to represent the behavior of the system in all the seasons. The
overall number of market model and reference scenarios are
98. Four metrics are used to evaluate the presented scenarios:
self-sufficiency, self-consumption, peak load, and costs. Self-
sufficiency describes the share of energy demand supplied by
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the prosumer, while self-consumption describes the share of on
site generated energy consumed by the prosumer. The peak load
shows the maximum import load of the microgrid. Costs are
calculated from the perspective of the prosumer to quantify the
possible costs savings using the market model. Same metrics are
used to quantify benefits of the utility at the microgrid level.

3.2. Group A: Market Design

Group A discusses two major factors influencing the market
behavior. In Al, the impact of different minimum market
prices on the load shifting behavior in the microgrid and the
profitability of the prosumers are investigated. Figure 4 presents
the results of multiple metrics against different values of piy.
It can be seen that the self-sufficiency, self-consumption, and
peak load are almost constant and the cost results of the market
model are always better than reference. The self-sufficiency and
the self-consumption are doubled, and the peak load is reduced
for all the houses. At p,,;, = 0.24, which is 0.02 less than the
Pmax- the results fall in comparison to the lower p,,;,, values. This
behavior occurs due to the small difference between the p;,i, and
Pmax that influences negatively the market clearing algorithm and
optimization models of the markets agents. At pyin = Pmax the
market can not operate since the price, in this case, is fixed and
there are no incentives for the prosumers to trade their energy or
shift their load.

The costs are evaluated based on Equation (2). As shown in
Figure 4D, the costs of the market and reference model decrease
as the ppin increases. This reaction occurs as the prosumer gets
the chance to feed-in energy at higher prices. Furthermore, it can
be seen that the cost savings linearly decrease, as p;,;, increases.
In other words, given that p,,,y is constant and equal to 0.26, the
cost savings are directly proportional to Ap = puax — Pmin. At
Pmin = 0, Ap = 0.26, the cost savings are around 30%, compared
t0 8% at pyin = 0.24, Ap = 0.02.

From another perspective, the increase in p,,, can be seen as
Pmin—basescenario = 0 plus transactions fees, utility fees, or ICT
service fees. In all these cases, only the prosumer’s costs are going
to change. The load shifting behavior and overall load curve of
the microgrid are not going to be influenced by any changes
of additional fees, as long as there is still a minimal difference
between the market floor and ceiling. Hence, if fees have to be
charged to the prosumers by the market operator for using the
platform or by the utility for using the grid to exchange energy,
the magnitude of the fees should maintain at least minimal
amount of profit or cost savings for the prosumers. Otherwise,
the market will fail to operate as an energy management system.

In A2, different trading intervals are investigated. Figure 5
compares the 15, 30, and 60 min trading intervals normalized
results depending on the given metrics. The results are
normalized to the highest absolute value of the same metric.
Self-sufficiency decreases slightly as the trading interval increases.
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It can be seen that the difference is < 1.5%. The standard
deviation of the 15 min is also smaller than that of 30 and 60
min. Self-consumption exhibits the same behavior of the self-
sufficiency, where the 15 min is higher than the 30 and 60 min.
However, in this case, no significant difference can be noticed
between the 30 and 60 min. The peak loads and annual costs in
the 15 min trading interval are the lowest.

The performance of the 15 min trading intervals is always
better than other trading intervals, as it enables the market agents
to adapt the bids to the load curves without additional averaging.
Also, it helps in placing bids that fit better with the supply curves
of the PV systems. In a real-life environment, the prosumer can
only place a bid and communicate with the market platform
according to the forecast resolution constraints. Thus, if the
forecasting resolution is half-hourly, but the trading intervals are
quarter-hourly, the prosumer will place the bids on a half-hourly
basis. In this model, the integrated probabilistic forecast has an
hourly-resolution. A linear interpolation was used to increase the
resolution of the forecast so that the scenarios of the 15 and 30
min intervals can be evaluated. Although the results are in favor
of the 15 min trading intervals, better results could have been
achieved if the forecasting systems had higher resolutions.

At the microgrid level, Table 2 shows the absolute values
of the given metrics for different trading intervals using

the market and the reference models. § is calculated as
Market — Reference
= x 100. It can be seen that the self-

Reference

sufficiency and self-consumption for the whole microgrid
decrease as the trading intervals increases. § drops from 134.1
to 122.4% and from 128.1 to 115.2% for self-sufficiency and self-
consumption, respectively. Moreover, the peak load increases
from 37.5 to 40.6 kW at the 60 min trading interval. This leads
to a change in § by 6.2%. At the microgrid level, costs and cost
saving are not calculated as they are calculated for each prosumer.
The reference model values at the different trading intervals are
constant as no market platform is integrated.

3.3. Group B: Microgrid Configuration

Scenarios

In group B, the impact of different microgrid configurations
on the market is discussed. In B1, the influence of the number
of prosumers on the microgrid and the market is described.
Figure 6 shows the self-sufficiency, self-consumption, peak load
and annual costs of 2-15 prosumer microgrid. Generally, it can
be seen that the market can operate properly even with a small
number of prosumers. No major changes can be seen after 4
prosumers. The most affected measure is the standard deviation.
As the number of prosumers increases, the standard deviation
increases, which is typical in a real-life situation.

The self-sufficiency decreases slightly after 4 prosumers
and then maintains an almost constant mean. This can be
due to the fact that the first 4 houses have a lower yearly
energy consumption. On the other hands, the self-consumption
increases from 2 to 4 prosumers and then stays constant. In this
case, the same behavior can be seen in the reference model.

The peak load increases as the number of prosumers increase.
The reference model is not influenced by the increase in the
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FIGURE 5 | Comparison between different trading intervals at the prosumer
level.

number of prosumers, as much as the market model. The
maximum standard deviation spread of the market model is
between 4.9 and 5.9 kW, compared to 5.95 and 6.3 kW for the
reference model. On the other hand, the mean varies between 5.1
and 5.3 kW, compared to 6 .1 kW for the reference model.

The mean annual cost also increases as the number of
prosumers increases. However, it can be noticed that the market
and the reference model increase almost simultaneously. This
means that the increase in the annual costs is due to the addition
of households with relatively higher energy consumption and
not due to the inefficiency of the market model. The difference
between the two means is almost constant in every case.

Figure 7 provides another insight at the microgrid level.
Compared to the self-sufficiency at the prosumer level, the
self-sufficiency at the microgrid level is almost constant as the
number of prosumers increases. On the other hand, the self-
consumption at the microgrid level shows similar behavior to
the self-consumption at the prosumer level, where it increases
until four prosumers and then stays constant. Similar to the peak
load at the prosumer level, the peak load at the microgrid level
increases as the number of prosumers increases. However, it can
be seen that the difference between the market and the reference
model also increases. Thus, the percentage of peak load reduction
achieved by the market improves as the microgrid size increases.

Another aspect that can be studied among several other
aspects is the increase in PV capacity installed at each prosumer’s
house. In B2, the PV capacity is varied from 1 to 12 kWp.
Figure 8 shows the results of the given metrics for different PV
capacities. The self-sufficiency of all the houses with the market
model increases as the PV capacity rises. Also, the gap between
the self-sufficiency of the market and the reference model is
increasing proportionally to the installed PV capacity. It can be
seen that at 1 and 2 kWp the difference in self-sufficiency is
not significant compared to that of higher PV capacities. This is
because the installed capacities are high enough to enable load
shifting or trading. This interpretation can be assured by the
self-consumption analysis. It can be seen that at 1 and 2 kWp
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TABLE 2 | Comparison between different trading intervals at the microgrid level.

Scenario Self-sufficiency [%] Self-consumption [%] Peak load [kW]
Market Reference ) Market Reference ) Market Reference )
15 min 30.2 12.9 134.1 58.4 25.6 128.1 37.5 50.5 —-25.7
30 min 29.6 12.9 129.4 57.1 25.6 123.1 39.1 50.5 —-22.6
60 min 28.7 12.9 122.4 55.1 25.6 115.2 40.6 50.5 -19.5
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the market and the reference model are almost identical and
45-65% of the PV energy is consumed on site. As the PV capacity
increases, the reference model self-consumption decreases. On
the other hand, the self-consumption of the market model
increases from 2 to 5 kWp. After 5 kWp, the self-consumption
decreases due to the excess capacity of the PV system.

Using the reference model, the peak load of each prosumer
does not change significantly, compared to the market model.
This is because some loads operate after the sunset, yet these loads
are shifted using the market model. Hence, a linear decrease in
the peak load can be seen, as the PV capacity increases.

The annual costs using the reference or market model
decreases linearly as the PV capacity increases. Thats because in
both cases, the excess PV energy is supplied to the grid either
at the market clearing price or the fixed feed-in tariff for the
market or the reference model, respectively. However, it can be
noticed that the gap between the market and the reference model
increases as the PV capacity increases. This gap indicates that the
prosumers benefit from trading the excess energy supply as in
Equation (2).

At the microgrid level, similar behavior can be observed
for the self-sufficiency as at the prosumer level. However, the
magnitude of self-consumption is higher at the microgrid level.
It can be seen that at 1 and 2 kWp the difference between the
market and reference are higher compared to the same case at
the prosumer level as in Figure 9A.

Although the mean peak load of the prosumers is always
higher using the reference model than the market model as in
Figure 8C, the peak load using the market model at the microgrid
level is higher at 1 and 2 kWp than the reference model as in
Figure 9B. The lack of energy supply in the market led to using
the generated energy locally inside the prosumers’ houses and
exhibiting the same load shifting behavior. Thus, the peak load
of the market model exceeds that of the reference model. As the
volume of excess energy increases in the market, the lower the
peak load gets. It can be seen that the peak load drops from 55 to
355 kW at 12 kWp PV.

3.4. Group C: User Behavior Scenarios
Several variables can be used to study the impact of user behavior
on the market platform. In group C, the fixed load consumption
is used to indicate the user behavior. Since all the households have
the same types and magnitude of flexible loads, higher fixed loads
consumption means a lower share of flexible loads. Hence, more
energy can be consumed locally by the household itself, and less
can be shared with the market. Figure 10 compares the different
consumption behavior of the prosumers against the metrics. The
results are normalized based on the highest absolute value of
the same metric. As anticipated, prosumers with the lowest fixed
load energy consumption have the highest self-sufficiency, lowest
self-consumption, peak loads, and annual costs.
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The presented results in Figure 10 are valid and foreseen for
the market and the reference model. However, the advantage of
the market model over the reference model cannot be recognized.
Hence, Figure 11 shows the benefits of the low, average, and high
consuming prosumers using the proposed metrics. These results
shows the normalized absolute value of the § of each metric.
It can be seen the prosumers with the lowest fixed load energy
consumption are the one benefiting most from the market model.
These prosumers can achieve the highest self-sufficiency, self-
consumption. The differences in the peak load reduction are not
as high as self-sufficiency, yet the prosumers with the low fixed
load energy consumption are achieving the highest peak load
reduction. Similar behavior can also be seen at the annual cost
savings metric.

The reason behind the high benefits claimed by the prosumers
with the low fixed load energy consumption is their capability
to offer a higher share of the PV and their overall electrical
energy consumption. The HEMS of the prosumers with high
loads between 7,000 and 9,000 kWh/a always eliminates the PV
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bids to satisty the fixed load demands. Moreover, the HEMS
always bids the fixed loads with a price equal to p,,x to guarantee
the operation of the fixed loads. Hence, the higher the fixed
loads energy consumption of the prosumer, the less is the overall
benefits from the market.

The analysis at the microgrid level shows another perspective.
Table 3 shows the absolute values of the self-sufficiency, self-
consumption, and peak load. It can be seen that as the fixed
load consumption increases the self-sufficiency of the whole grid
using the reference model increases, yet it decreases using the
market model. The 2.3% increase between low and high using
the reference model can be driven by the share of load increase
occurring during the availability of PV generation. Comparing
the reference and market, it can be seen that between low and
high, the § of self-sufficiency dropped from 122.4 to 65.4%, which
is almost 50% decrease.

The self-consumption of the market and the reference model
behaves similarly. Between low and high, the self-consumption
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TABLE 3 | Comparison between different consumption behavior at the microgrid level.

Scenario Self-sufficiency [%] Self-consumption [%] Peak load [kW]

Market Reference ) Market Reference ) Market Reference )
Low 28.7 12.9 122.4 55.1 25.6 115.2 40.6 50.5 —-19.5
Average 26.8 141 90.0 59.5 32.3 84.2 44.4 53.7 -17.3
High 25.3 15.2 65.4 64.1 39.7 61.4 48.0 56.1 —14.4

increases from 55.1 to 64.1% for the market model, and from 25.6
to 39.7% for the reference model. Although the self-consumption
increases in both models, the § decreases from 115.2 to 61.4%.
This result builds upon the results of the same metric at the
prosumer level in Figure 11. Hence, it can be deduced that
increasing the share of the fixed load reduces the efficiency of
the market.

Similarly, the peak load increases for both of the market
and the reference model. This leads to decreasing the peak load
reduction capability of the market model. The §, in this case,
increases from —19.5 to —14.4%. Hence, 5.1% is lost due to
changing the consumer behavior from low (1,000-3,000 kWh/a)
to high (7,001-9,000 kWh/a).

4. GENERAL DISCUSSION

In order to develop a comprehensive view of the metrics
sensitivity to the different scenarios, the results of all the scenario
groups have to be compared. Table 4 summarizes the reaction
of each metric to the different variations in the scenario groups
at the prosumer level using the market model. The presented
indicators in this table do not reflect the magnitude or dynamics
of change. It is meant to provide a general overview to compare
the results. It can be noticed that the reaction of the metrics
differs from a scenario group to another. None of the groups
presents identical results. This means that the selected scenarios
provide a broad perspective on the impact of the energy markets
in microgrids.

In comparison to all the scenario groups, subgroup Al has
only an impact on the annual costs as shown earlier in Figure 4.
They are directly influenced by the changes in the market price
levels. Other physical aspects such as the self-sufficiency, self-
consumption and peak loads are not influenced. Consequently,
the overall microgrid is not influenced.

Subgroup A2 shows similar behavior to subgroup Cl1
except on self-consumption. The increase in trading intervals
and fixed loads show a decrease in self-sufficiency and an
increase in peak loads and annuals costs, but with different
magnitudes. The main difference is the self-consumption. In
subgroup A2, the increase in trading intervals made the trading
process less efficient as the market participants can not follow
accurately the forecasting loads. However, in subgroup Cl1, the
increase in fixed loads increases the self-consumption due to
the availability of higher prosumers’ loads. At the microgrid
level, subgroup A2 and C2 are behaving similarly as per the
indicators in Table 4.

TABLE 4 | Comparison of different scenario groups using the market model at the
prosumer level.

Scenario groups Self- Self- Peak Annual
sufficiency consumption load costs

Group A

A1 (omin increase) / / / -

A2 (trading interval increase) - - + +

Group B

B1 (N prosumers increase) / + + +

B2 (PV capacity increase) + - - -

Group C

C1 (fixed load increase) - + + +

The tabulated indicators do not reflect the magnitude of change.
/Indicates that the value is approximately constant.

+indicates that value is increasing.

—Indicates that value is decreasing.

subgroups Bl and B2 show contradicting results. Self-
sufficiency shows no major changes in subgroup B1, however,
it increases in subgroup B2 due to the increase in the PV
capacity. The increase in the number of prosumers in subgroup
Bl, increases the self-consumption, peak loads, and annual
costs. This increase is due to the consumption nature of the
added prosumers. On the other hand, the increase in the PV
capacity decreases the self-consumption, and peak loads due to
the increase of the local generation. Consequently, the overall
annual costs decrease. At the microgrid level, subgroups B1 and
B2 demonstrate similar behavior to the results at the prosumer
level but with different magnitudes.

5. CONCLUSIONS

This paper presents a scenario analysis of an energy trading
market model in microgrids. The used market model enables
the prosumers to trade their energy supply and demand
within the microgrids. This model does not only support the
prosumers via offering a possibility for additional economic
incentives but also presents the utility a decentralized approach
to manage the microgrid and maintain the prosumers’ privacy.
Hence, the results were analyzed at the prosumer level and
microgrid level to make sure that the two main stakeholders
of the microgrid could be encouraged to participate in the
market platform.

Ninety-eight selected scenarios are presented. These scenarios
are divided into three different groups. The first group studied
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market design parameters, the second group studied different
microgrid configuration, and the third group studied the
influence of the user behavior. The results of the three scenario
groups can be summarized as follows:

e The capability of the market model to act as energy
management system is independent of the price ranges (pyax —
Pmin)> the transaction or service fees imposed by the market
operator. The prosumers profit is the only sensitive output to
the market prices and fees; however, the prosumer will keep
bidding as long as there is a minimal profit.

Trading intervals and resolutions can improve the benefits
of the market model, yet the forecasts resolution limits their
impact. Forecast resolution should match the trading intervals
to maximize the benefits of the market platform to the utility
and prosumers.

Number of prosumers and devices influence the performance
of the market. The used model showed its capability to operate
with 2 prosumers, 3 devices each. After 5 prosumers, 15
devices, the benefits of the market reach a plateau.

Increasing the PV capacity in the microgrid influences directly
the self-sufficiency, self-consumption, even if no market
platform is integrated. However, the market model can double
the self-sufficiency and self-consumption of the microgrid.
Moreover, it leads to a linear decrease in the peak loads and
annual costs of the prosumers.

Multiple parameters can be varied to indicate multiple user
behavior. However, fixed load consumption is found to be able
to reflect the lifestyle, habits and consumption level. Based
on the field measurements of different residential household,
the results show that the higher the share of fixed loads, the
lower is the efficiency of the market. Hence, prosumers with
the lowest share of fixed loads are expected to profit the most
from the market platforms in microgrids.

Energy platform markets performance is highly dependent on the
nature of the market, microgrids, and prosumers. In this paper,
the most fundamental scenarios are presented. However, there
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