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Abstract: With the integration of Intermitted Renewables Energy (I-RE) electricity production, capacity
is shifting from central to decentral. So, the question is if it is also necessary to adjust the current load
balancing system from a central to more decentral system. Therefore, an assessment is made on the
overall effectiveness and costs of decentralized load balancing, using Flexible Renewable Energy (F-RE)
in the shape of biogas, Demand Side Management (DSM), Power Curtailment (PC), and electricity
Storage (ST) compared to increased grid capacity (GC). As a case, an average municipality in The
Netherlands is supplied by 100% I-RE (wind and solar energy), which is dynamically modeled in the
PowerPlan model using multiple scenarios including several combinations of balancing technologies.
Results are expressed in yearly production mix, self-consumption, grid strain, Net Load Demand Signal,
and added cost. Results indicate that in an optimized scenario, self-consumption of the municipality
reaches a level of around 95%, the total hours per year production matches demand to over 90%,
and overproduction can be curtailed without substantial losses lowering grid strain. In addition, the
combination of balancing technologies also lowers the peak load to 60% of the current peak load in the
municipality, thereby freeing up capacity for increased demand (e.g., electric heat pumps, electric cars) or
additional I-RE production. The correct combination of F-RE and lowering I-RE production to 60%, ST,
and PC are shown to be crucial. However, the direct use of DSM has proven ineffective without a larger
flexible demand present in the municipality. In addition, the optimized scenario will require a substantial
investment in installations and will increase the energy cost with 75% in the municipality (e.g., from
0.20€ to 0.35€ per kWh) compared to 50% (0.30€ per kWh) for GC. Within this context, solutions are also
required on other levels of scale (e.g., on middle or high voltage side or meso and macro level) to ensure
security of supply and/or to reduce overall costs.

Keywords: decentralized load balancing; renewable energy; biogas; load shifting; energy storage;
demand side management; curtailment; energy grid capacity and reinforcements

1. Introduction

Concerns over climate change, resource depletion, and a worsening environmental
health indicate the need for a full transition to low-polluting renewable energies (RE). The
most abundant RE sources in Europe (e.g., wind, solar, and biomass) are dispersed by nature,
making them suitable for distributed and thereby decentralized generation [1]. However,
the large-scale development of decentralized RE production can substantially change the
dynamics of the electricity system [2–8], which depends on an exact balance between demand
and supply, in order to ensure reliable delivery [2,3,9,10]. Currently, balance is maintained
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top down through the use of large electricity plants and a well-developed electricity grid,
which, for instance in The Netherlands, mainly operates on fossil energy sources (e.g., coal,
natural gas) [2,11,12]. However, the growing presence of intermittent renewable technologies
(I-RE) in the electricity system increases the need for regulatory and reserve capacity in
order to handle variability and limited predictability [6,7,13]. Furthermore, studies indicate
that load balancing requirements are expected to increase proportionally with growing I-RE
production [3,5,6,9,13]. Therefore, the question could be raised if it is also necessary to adjust
the current load balancing system [2,6,8], for instance, from a more central to a more decentral
system; where balance is already achieved at a decentralized level close to I-RE production.

The literature indicates that decentralized load balancing can help integrate (I-RE)
production, avoid grid expansion, decrease the need for central balancing systems [5,14–16],
and reduce the dependency on fossils [1,12]. Overall, balance can be improved by using
four main options: namely, flexible RE production, smart grid technology, curtailment,
and storage [3,4,6]. Local flexible RE production (F-RE) can be, amongst others, as biogas
from Anaerobic Digestion (AD) [17], where the produced biogas is used for producing
electricity on demand [18,19]. Studies have indicated the possibility of F-RE production,
where on-farm biogas storage can provide biogas supply for the generation of balancing
capacity [18,20]. Smart grid technology can be implemented as Demand Side Management
(DSM), which is the process of managing the consumption of energy to optimize availability
and planned generation resources [21,22]: for instance, by shutting off demand in times
of low production and vice versa [3,12], thereby shifting demand to periods of high
production. Studies focusing on the effect of DSM indicated that peak load within a single
household could be reduced by almost 15% [21] and demand could be significantly affected
to match supply by renewable intermittent sources in decentralized load balancing [23].
Power curtailment (PC) can be used to manage decentralized I-RE overproduction by
curtailing the peaks loads in the grid [24–27]. Power curtailment is currently only allowed
as a measure of last resort, to ensure power security [25,28,29]. Nonetheless, the literature
suggests that curtailment is a very effective technique to take care of voltage rise, and it
is deemed necessary with extremely high levels of PV penetration [30,31]. For the grid
operator, curtailment is considered to be the most cost-effective solution compared to grid
reinforcements [31,32]. However, for the I-RE owners, curtailment is unfavorable, since
it limits revenues [26,33]. The storage of energy (ST) can be implemented through the
use of multiple technologies (e.g., batteries, flywheels, hydrogen) [34,35], which can store
decentralized overproduction from intermittent sources, which are utilized in times of
demand [3,4]. Specific storage systems can also absorb fast changes in either demand or
intermittent RE production (e.g., clouds passing over solar panels) [36]. Studies indicate
that in theory, storage systems are very effective in energy balancing [36,37]. Finally,
the capacity of the electricity grid (GC) can be increased (capacity of the cables and the
transformers) to handle higher loads. Currently, this is the most selected option in The
Netherlands, as it falls under the legal responsibilities of the DSO. Unfortunately, this
option is often expensive, time consuming, and merely moves the problem to the national
or even the international electricity grid [3,8].

However, to the authors’ knowledge, few studies focus on the combination of the
technologies aforementioned [38], integrated in an average municipality with 100% I-RE
production to research the effectiveness and costs of decentralized balancing, where local
availability of F-RE (e.g., biomass potential), energy demand, the potential for DSM, the
use of ST, and the constrains of the local electricity grid are included. Implementing the
aforementioned technologies might not guarantee a balanced and affordable decentralized
grid, as balancing options can influence the system and, when combined, each other.
Therefore, this article aims to contribute to a proper assessment of the overall effectiveness
of decentralized load balancing, with the goal of better understanding the systemic effect
and costs of local balancing combined with local renewable integration. This raises the
main question: What is the effectiveness and cost of decentralized load balancing looking at
multiple combinations of technologies and perspectives within an average municipality in
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The Netherlands? Within this article, first, the energy demand patterns and intermittent RE
production will be determined for an average municipality in The Netherlands; second, the
effect of using the balancing options are assessed; third, the balancing systems is optimized
for local load balancing, and finally, the lessons learned from this theoretical case regarding
decentralized balancing are discussed.

2. Methods

In the following section, the methods used are described.

2.1. System Description

An average Dutch municipality is defined, where 100% of the total yearly electricity
demand will be supplied by locally produced wind and solar energy (Appendix A). Within
the municipality, possible improvements and the associated costs for decentralized load
balancing will be researched. The options used in this article include Flexible Renewable
Energy (F-RE) production from AD, the use of Demand Side Management (DSM), Power
Curtailment (PC), Storage (ST), and increasing Grid Capacity (GC) (Figure 1). The electricity
grid mainly includes the low-voltage distribution grid (multiple substations delivering
230 V defined as one system). Demand from SMEs and industry is not included as their
presence, electricity demand, and demand patterns are difficult to define for an average
municipality. The local availability for bioenergy is included, excluding imported bioenergy
from outside of the municipality. DSM technology will use domestic appliances within
the municipality to shift demand over time. The appliances available for shifting demand
will be based on the appliances, which are mostly always, present in a household. All
remaining electricity demand will be supplied by the national grid. The added costs of
decentralized balancing are included in the energy price of the municipality; the national
energy market and generalization of costs (e.g., grid fees, energy tax) are not included.

Figure 1. System boundaries of local energy system.

2.2. The PowerPlan Model

PowerPlan is a deterministic bottom–up model (each plant can be defined separately)
for the simulation of electricity demand and production which allows the exploration of
‘what if’ scenarios [39,40]. The model provides a flexible, static (one year) or dynamic
modeling environment for mid- to long-term electricity supply planning and scenario
studies on different levels of scale (national, municipality) [39]. The core of the PowerPlan
model is the production simulation module in which the demand must be met by the
supply using the merit order approach based on user assumptions or based on marginal
costs. Calculations are performed on an hourly basis. For a more detailed description of
the PowerPlan model, see Benders et al. [40]. For this research, specific options present in
the model are: Storage of electricity, Demand Side Management options (DSM), and AD
biogas equipment. Technically, storage is defined by a capacity (kWh), power charge, and
power out (kW). DSM is defined by the capacity of the DSM option (e.g., dishwasher) and
the number of hours these options can be maximally delayed. The AD biogas equipment is
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defined by a monthly production profile, gas storage, and electricity production capacity.
The user defined merit order determines which production technology has the right to
produce first when multiple technologies are available. Within the modeling phase (using
PowerPlan), multiple scenarios will be performed and the outcomes analyzed to indicate
the most optimal solutions. The full scale of scenarios performed to produce the image
sketched within this article are included within Appendix D.

2.3. Expressions of Results

From the perspective of local balancing, lowering overproduction and avoiding peak
loads in demand and production is an important factor. For evaluating the aforementioned,
clear indicators are required to compare different scenarios on achieved performance.
Within this article, the following main indicators are used:

(1) Production mix: The share of renewable energy within the municipality on a yearly
basis is indicated in percentiles of the total electricity demand of the municipality,
including import from and overproduction transported to the national electricity grid.
Within the production mix, also, the self-consumption and overproduction in the
municipality on a yearly basis is indicated.

(2) Maximum peak load: The maximum peak load (demand or production) on the
electricity grid (within a selected year) will be indicated as a percentage of increase
or decrease (P%) compared to the reference peak load of the average municipality
(Pload_ref) by dividing the new peak load (Pload) of the calculated scenario with the
reference load (Pload_ref); see Equation (1).

P% =

(
1 +

Pload
ploadre f

)
× 100% (%) (1)

(3) Regulatory and Reserve capacity: To safeguard the stability of the grid regulatory
and reserve capacity is required to adapt to rapid changes in production or demand.
The theoretical maximum capacity required to ensure 100% stability is the difference
between the yearly peak production and demand (Figure 2).

(4) Cost Indicator (CI): The consumer price for electricity from the electricity grid, renew-
able sources, and biogas are assumed constant (0.2 €/kWh) within the municipality
(Ce_ref). Added costs that are needed for expanding the grid or implementing balanc-
ing technologies will be paid by the municipality itself (the costs are not nationalized).
The added costs (Ca) will be indicated in percentiles (CI%) of the reference wholesale
price of electricity (Ce_ref); see Equation (2).

CI% =

(
1 +

Ca

Cere f

)
× 100% (%) (2)

(5) Balance indicator: The indicator for (im)balance is based on the Load Duration Curve,
which indicates the amplitude of the demand (in kW) per hour ranging from the
highest amplitude to the lowest as a function of time, distributed over a year [3,4].
To indicate both demand and overproduction, the Load Duration Curve is adapted.
By subtracting local demand (PD) from RE production (PI-RE) per hour, a load is
calculated, which indicates either over or under production, which is also called
the Net Load Signal (NLS); see Equation (3) [4]. When the NLS is positive, there is
overproduction; when negative, there is demand, and when zero, local production is
equal to demand. Plotting the NLS in a selection from high to low will result in the
Net Load Duration Curve (NLDC); see (Figure 2).

NLS = PI−RE − PD (kW) (3)
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(6) Max grid load indicator (Sf): Within the average municipality, the maximum grid load
is defined as [25,41]: “the maximum amount of electricity load that can be accommo-
dated without impacting system operation (reliability, power quality, thermal limits,
spatial placement, etc.) under existing control and infrastructure configurations”;
which is determined by the Distribution System Operator (DSO) using a simultaneity
factor (Sf) multiplied with the number of households. The Sf factors are based on
historical data and the experience of the local DSO (Table 1). When the NLS passes
the set Sf factor regularly within a section of the grid, steps are required to safeguard
the electricity grid (e.g., shut down, grid expansion).

Figure 2. Example of NLDC and maximum grid loads based on Sf factors.

Table 1. Simultaneity factors grid.

Simultaneity Factor (Sf) Unit Abbreviation Source

Old grid pre 1990 1.0 kW/household L-Sf [42]
New grid 2012 1.5 kW/household H-Sf [42]

3. Location and Renewable Technologies
3.1. Average Electricity Demand Municipality

Within this article, an average municipality is defined by the average municipality size
and population, the average household density (Nh), space available, and average electricity
consumption per household (QAve) within The Netherlands (Appendix A), [11]. Hourly
fluctuation in demand will be incorporated using an hourly profile (pAve) for households,
which is retrieved from a DSO operating within the Dutch electricity market [43]. Within
this pattern, seasonal change in demand, for instance the availability of natural light,
weather conditions, and national holidays are included, based on historical data over the
past twenty years [43]. The yearly demand for electricity (PD) is calculated by multiplying
the number of households with the consumption per household (QAve). The load profile is
calculated by multiplying yearly demand for electricity (PD) with hourly profile (pAve); see
Equation (4).

PD = QUse × NH (kWh/a) Where PLoad (0−8760) = PD × pAve (0−8760) (kW) (4)

3.2. Intermittent RE Production

The largest share of RE electricity production within the municipality will be provided
by wind turbines and solar PV panels, as they are readily available, economically attractive,
and easily implemented [44]. Hourly patterns for both wind speed and solar irradiance
will be used to simulate the production of the resources. The patterns are based on an
average and representative year (2011) (Figure 3) for both solar irradiance and average
wind speed selected from a range of years (1991 and 2014) and based on a local weather
station (location Eelde [45,46]), [47].
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Figure 3. (a) Average year for cumulative wind speed, (b) Average year for cumulative solar irradiance.

Wind: For determining the hourly electricity production of a selected wind turbine,
first, the wind speed measured at ground level is corrected to the wind speed at the hub
height, and the power output is determined per wind speed using the power curve based
on a 2 MW Vestas wind turbine (Pw) [48] (Appendix C). Finally, by indicating the number
of turbines (Nt), the output (Pt) in kW can be calculated Equation (5).

Pt (0−8760) = Nt × Pw (0−8760) (kW) (5)

Solar PV: For solar PV, 280 Wp multi-crystalline silicon panels from LG solar are
used with a system efficiency of 17.1%. Degradation of the PV panels is included with
an average cell degradation of 17% over 25 years, resulting in an average efficiency of
the panels over 25 years of 15.7% (ηPV) [49]. The panels are not corrected for orientation
toward the sun (Section 6.1); conversion losses from DC to AC are included with an average
system efficiency of 96% (ηs), [50]. The solar irradiance (Si) at higher longitudes is already
included by the actual measurements at a local weather station. By setting the number of
solar panels (NPV) the output (Ppv) can be calculated Equation (6).

PPV (0−8760) =
NPV × ηPV × ηs × Si (0−8760)

1000
(kW) (6)

3.3. Flexible RE Production (F-RE)

The flexible renewable energy producer (F-RE) within the municipality is based on
Anaerobic Digestion (AD) utilizing locally available waste streams. The availability of
biomass is retrieved from Pierie et al. 2016 [51]. Electricity and heat will be produced
by using a Combined Heat and Power unit (CHP) [51]. The heat will be used in the AD
process, and remaining heat will be discarded. The maximum capacity of the CHP is
120% of nominal capacity of the AD system. Biogas storage of 20 kWh per installed kW
of electric power is included. Increased capacity of the CHP and biogas storage (PF-RE)
can be incorporated. The added cost for expanding capacity (Ca) is based on an average
estimate cost projection for reciprocating CHP engines [52–55], which is divided by the
economic life-time of the engine (Clife) set at 15 years and the total electricity demand in the
municipality (PD), resulting in added cost per kWh of electricity consumed Equation (7).

Ca (F−Re) =
PF−Re ×

(
4639 × PF−Re

−0.20)
Cli f e × Pd

(€/kWh) (7)

3.4. Demand Side Management (DSM)

For lowering peak demand, DSM can be utilized, where demand from curtain ap-
pliances can be postponed for a period of time (in hours) every day (e.g., dishwasher,
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refrigerator). The appliances included are those already in use today in an average house-
hold within The Netherlands [56,57]. The availability of the appliances during the day is
based on assumptions substantiated by Dutch demand data [11,43,56,57] (Table 2). The
amount of demand that can be shifted per appliance depends on the usage interval of the
appliance, the yearly use of the appliance, the number of appliances in the municipality,
and the fraction of appliances operational at that specific hour. Hourly patterns per appli-
ance are used (retrieved from ECN [58]), which indicate the usage interval of the appliance
to determine the possible shift of demand to overproduction. When the demand is higher
than the production, DSM will be activated; however, DSM can only be executed when
surpluses are available from the selected appliances (Table 2). If and only if during these
hours there are one or more hours with surplus, the use of this appliance will be postponed
to the hours with surplus. If more than one hour has a surplus, the shifted use will be
proportionally divided over these hours. The higher the surplus, the more it will contribute
to the shifted use. The costs of DSM (Ca) is determined by the number of households with
DSM (Nh), the installation cost per household (Chh), the economic write-off period (Clife) of
the smart grid infrastructure (set at 15 years), and the total annual electricity demand of
the average municipality (PD), resulting in added cost per kWh of electricity consumed, as
shown in Equation (8).

Ca (DSM) =
Nh × Chh
Cli f e × Pd

(€/kWh) (8)

Table 2. Main values installed smart appliances average Dutch household.

Distribution Use Power Rating c Max Shift Number Costs Source

Normal
Pattern

% of Total
Houses a

Per Year
kWh/a b

Average
W

Max
W

Postponed
(h/day)

Spread
(h/day)

Appliance
per House

System
€/hh d

Washing 97 153 1500 3000 6 6 1
500

[56,57]
Dryer 59 233 2000 3000 6 6 1 [56,57]

Dishwasher 47 160 1500 3000 6 6 1 [56,57]

Refrigerator 97 353 450 700 4 24 1
500

[56,57]
Freezer 84 175 450 700 4 24 1 [56,57]

a Percentile of households that have a particular appliance [11]. b Electricity use household appliances based on average household within
The Netherlands [57]. c Power use household appliances [59]. d Smart software installed on appliances is based on [60] (future costs can be
significantly lower up to 20 €/house).

3.5. Power Curtailment (PC)

Curtailment can be defined as temperately lowering or shutting down RE production
and can be placed under Demand Side Management (part of smart grid solutions) where
production is controlled. Controlling the output of RE production can help avoid peaks
in production; however, the loss of production will need to be compensated toward the
producer, as they will miss potential revenues. The amount of curtailed electricity is
determined by the curtailment threshold. For instance, this threshold can be set at the
capacity of the electricity grid (Sf-1). For power curtailment, no costs are considered since
no additional installations, and therefore no significant costs, are required when the power
output is being controlled [61]. The added cost of curtailment is determined by the curtailed
amount of electricity (CkWh) multiplied by the cost of electricity (€kWh) divided by the total
electricity of the municipality (PD), Equation (9).

Ca (PC) =
CkWh × €kWh

PD
(€/kWh) (9)
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3.6. Storage (ST)

Within this article, ST is defined by a storage capacity, power rating for charge and
discharge, cycle efficiency, and self-discharge losses over time. ST is made available per unit
(Tesla Powerwall lithium-ion battery [62]) installed in individual households (Table 3). The
added cost of the storage (Ca) is calculated in added cost per kWh of electricity consumed
(see Equation (10)). First, the cost of the installed batteries is determined by multiplying the
number of houses (Nh) with the percentage of houses with a battery (%h) and with the cost
per battery system (Chh), which is divided by the economic lifetime (Clife) of the batteries (set
at 10 years, based on a life cycle of around 5000 cycles [62] with approximately one or more
cycle every day) and the total annual electricity demand of the average municipality (PD).

Table 3. The main properties of lithium battery storage.

Capacity Power Out Power Charge Efficiency Self-Discharge Price (Chh) Source

kWh kW kW % %cap/h €/kWh a

Main properties
storage system 13.20 7.00 5.00 89% 0.008 €530.00 [62,63]

a Per unit of storage capacity installed following a linear price range.

Ca (ST) =
Nh × %h × Chh

Cli f e × PD
(€/kWh) (10)

3.7. Expansion of the Electricity Grid (GC)

An added cost for grid expansion (Ca) will be included, when the max load (Pmax)
surpasses the Sf-1 factor (Sf 1). First, new cables will need to be placed (Ccable); within this
article, 20 m of cable-laying per household is assumed, which includes additional meters
from the house connection to the street. Added to this will be the cost for increasing the
capacity of the connections of the houses (Ccon) and the cost of increasing the capacity of
the local transformers (Ctr) per kW of load higher than the Sf-1 factor (Table 4). Within the
price calculation of the connection and transformer, a safety factor of 1.5 is included, as the
systems are often designed with a higher capacity than nominal. The required investment
is divided by the economic lifetime (Clife) of the grid expansion (set at 25 years) multiplied
with the total demand in the village (Pd) (Equation (11)).

Table 4. The average cost of grid expansion.

Value Unit Source

Placement of new cables (Ccable) €8,479,403 € [64]
Cost for increasing capacity connection (Ccon) €0.84 €/kW.a a [64]
Cost for increasing capacity transformers (Ctr) €3.00 €/kW.a a [60]

a The added cost per kW per year of maximum load above Sf-1.

Ca (grid) (S f 1−1.5) = IF(Pmax > S f1,

(
Ccable + (Pmax − S f1)× (Ccon + Ctr)

Cli f e × PD

)
, 0 (€/kWh) (11)

4. Scenarios

Within this article, a clear line of scenarios will be used to analyze the effect of
intermittent renewable energy and local balancing methods on decentralized balance
(Figure 4). The most prominent scenarios will be discussed in the results, and the full extent
of scenarios performed are described in Appendix D.
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Figure 4. Main scenarios used within this article.

4.1. I-RE Municipality Scenarios

Within the I-RE municipality scenarios (based on the renewable goals set by the EU
for the year 2050 [65,66]), a percentage of the total yearly electricity demand of the average
municipality will be placed in the municipality (Table 5). The range of the scenarios
will be between 60% and 100% I-RE in several configurations to determine the effects on
decentralized balance (Table 6). The maximum capacity of the grid in the village (SF-1) is
set at 19,797 kW, based on 1 kW per connection and 19,797 connections (Table 1), which
will be similar for all scenarios (Table 5).

Table 5. The I-RE Municipality Scenarios.

Scenario Description of the Scenario

REF 100% of the electricity will be retrieved from the national grid, including
4% wind and 1% solar PV electricity production [67].

RE 60%
60% of the total yearly demand of the average municipality will be
produced by the intermittent RE sources of wind and solar PV, with a mix
of 50% wind and 50% solar PV electricity production.

RE 100%
100% of the total yearly demand of the average municipality will be
produced by the intermittent RE sources of wind and solar PV, with a mix
of 50% wind and 50% solar PV electricity production.

OptiMix 100%
(Reference)

100% of the total yearly demand of the average municipality will be
produced by the intermittent RE sources of wind and solar PV, with an
optimum mix of wind and solar, looking at the lowest amount of
overproduction.

PV 100%
In the PV 100% production scenario, 100% of the total yearly demand of
the average municipality will be produced by the intermittent RE source of
solar PV.

Wind 100%
In the Wind 100% production scenario, 100% of the total yearly demand of
the average municipality will be produced by the intermittent RE source of
wind.

Table 6. Installed capacity in kW of renewable resources in the I-RE municipality scenarios.

Technology Current RE 60% RE 100% OptiMix PV 100% Wind 100%

Wind 1411.7 10,755.6 17,926.0 22,727.0 0.0 35,852.0
PV 628.5 18,825.9 31,377.0 22,973.0 62,753.0 0.0

4.2. Balancing Technology Scenarios

Within the local balancing technology scenarios, the proposed options for local balanc-
ing (F-RE, DSM, PC, ST) will be modeled in the municipality with 100% I-Re production
based on the OptiMix scenario (Table 5). The proposed options for local balancing will be
modeled separately and combined to research the effect on the indicators (Table 7).
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Table 7. The Balancing Technology Scenarios.

Scenario Description of the Scenario

OptiMix 100% + F-RE

In the (F-RE) scenario, an AD system will be installed producing electricity for balancing
purposes. F-Re output is based on the average biomass availability in The Netherlands,
with a local bio-energy potential of 13.9% of the total demand of the municipality (Table 8),
the power of the CHP unit is based on 120% of the output (Table 9). Additionally, biogas
storage of 20 kWh per installed kW of electric power is included.

OptiMix 100% + DSM
In the DSM scenario, DSM will be installed in all households in the average municipality
utilizing the most common appliances in use today (Table 2) to shift demand to periods of
overproduction.

OptiMix 100% + PC In the (PC) scenario, all peak loads above the Sf-1 grid safety factor will be curtailed. Missed
revenue for the energy producer will be compensated and incorporated in the cost indicator.

OptiMix 100% + ST
In the ST scenario, the battery storage system will be based on the Tesla Powerwall (Table 3).
For this scenario, 10% of the households will have a battery system. ST is based on installing
a single battery system (Table 3) in 10% of the houses in the municipality (Table 9).

OptiMix 100% + DSM + F-RE + ST
In the combined scenario, all the load balancing option are used (DSM, F-RE, and ST). The
merit order, or order of deployment for the technologies, will be similar to the scenario
name, where in DSM + F-RE, the merit order is first DSM and then F-RE.

Table 8. Local biomass availability scenarios and resulting CHP power and storage capacity.

Bio-Energy Power CHP a Capacity Storage

MWh/a kW kWh

Average biomass availability (BioAVE) 8396.0 1150.1 23,002.7
Maximum biomass availability (BioMAX) 32,147.3 4403.7 88,074.8

a Average constant power output of CHP unit operating for 8760 h, based on local biomass availability including 20% overcapacity [51].

Table 9. Installed capacity in kW in the balancing technology scenarios.

Technology F-RE DSM ST DSM + F-RE + ST Unit

F-RE 1150.1 − − 1150.1 kW
ST − − 13,858.0 13,858.0 kW

4.3. Optimization Scenarios

Within the optimization scenario, a combination of steps are implemented and in-
vestigated in the municipality with 100% I-Re production based on the OptiMix scenario
(Table 5). The proposed options for local balancing will be added and combined in four
steps to research the effect on the indicators (Table 10).

Table 10. The Optimization Scenarios.

Scenario Description of the Scenario

Step 1. Increased capacity of balancing technologies: The storage capacity and the power output of F-Re is increased to
500%, and 50% of the households will have a single battery system (Table 11).

Step 2. Lowering I-Re production: I-Re production is reduced to 60% (Table 11), based on the OptiMix scenario (Table 5).

Step 3.
Increased biomass potential: All available biomass flows in the average municipality are used (e.g., municipal
waste, industrial waste, road side grass), resulting in a bio-energy potential of 53.2% of the total yearly electricity
demand of the municipality (Table 8) [51].

Step 4.
Curtailment: The curtailment threshold will be set at zero where all remaining overproduction will be curtailed.
DSM will not be utilized in this scenario, as it proved to be ineffective on this scale using the selected appliances
(Table 2).
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Table 11. Installed capacity in kW in the optimization scenarios.

Technology Step 1 Step 2 Step 3 Step 4 Unit

Wind 22,727.0 13,636.2 22,727.0 22,727.0 kW
PV 22,973.0 13,783.8 22,973.0 22,973.0 kW
F-RE 4792.2 4792.2 44,040.0 44,040.0 kW
ST 69,289.1 69,289.1 69,289.1 69,289.1 kW

5. Results

Within this section, first, the effects of I-RE sources on the electricity grid within
the average municipality will be discussed, followed by the effects of introducing the
balancing technologies, and finally, a four-step optimization will be discussed to assess the
effectiveness of decentralized load balancing.

5.1. I-RE Municipality Scenarios

Within the I-RE municipality scenarios, the impact on decentralized balance caused by
the integration of I-RE sources is analyzed. The results indicate that the self-consumption is
the highest in the OptiMix scenario of around 55% (Figure 5a). However, depending on the
percentage of I-RE integrated and the technology utilized, peak production can double or
even triple when, for instance, using only solar PV (Figure 5a), placing a substantial strain
on the decentral electricity grid, and surpassing its maximum capacity (Sf-1) (Figure 5b).
When including the required grid reinforcements to handle the higher loads, costs of
energy within the municipality will increase by 50% (Figure 5a). Furthermore, demand
and local I-Re production are almost never equal; there is either demand or production,
indicating the necessity (without local balancing) of a grid connection (Figure 5b). Also,
in the wind 100% and OptiMix scenarios, regulatory and reserve capacity will need to
increase by 120% whereas in the PV 100% scenario, in will need to increase by 270% in the
municipality (Figure 5a peak production). If a high percentage of the municipalities in The
Netherlands will produce similar renewable energy, then central balancing systems will
need to significantly increase the transport, regulatory, and reserve capacity [13]. Within
this context, settling for a lower I-RE production of 60% in the municipality already has a
substantial impact on the required regulatory and reserve capacity (Figure 5a) and will not
require grid expansion (Figure 5b), thereby also avoiding added costs (Figure 5a).

Figure 5. (a) Share of total demand per production I-RE Municipality Scenarios, (b) Net load duration
curves of the I-RE Municipality Scenarios.

5.2. Balancing Technology Scenarios

Within the balancing technologies scenarios, the impact of the individual decentralized
balancing options on decentralized balance is analyzed. Every balancing technology
scenario will use the OptiMix scenario as the starting point, where 100% of the yearly
energy demand in the municipality is produced by I-RE sources. The results indicate that F-
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RE increases self-consumption in the municipality to around 65%. However, due to the low
availability of local biomass and the limited installed electric capacity of the CHP (which is
dimensioned to the average biogas output of the AD installation), balancing capabilities
are limited (Figure 6a). F-RE cannot extract energy from the grid, and therefore, it will
not influence overproduction, in some cases even adding to overproduction (Figure 6a)
as biogas storage is often limited to daily operations (Table 9). As a result, local energy
costs will increase, and local grid strain will remain unaffected (Figure 6b). Most of the
cost associated with the F-RE scenario are linked to the required grid expansion, which
is not avoided using F-RE alone (Figure 6a). DSM can only lower overproduction and
increase self-consumption by around 2%. However, DSM does not affect peak load, as
there is potentially not enough shift-able demand present (as appliances in the households)
to change the NLDC significantly (Figure 6b). DSM often responds immediately during
overproduction or demand; therefore, when peak loads occur, DSM has already shifted
demand in an earlier stage, reducing the effectiveness during peak loads. Additionally,
there are substantial investment costs associated with DSM combined with the costs for
grid expansion energy cost increase by almost 65% (Figure 6a). When PC is used to align
production with the max capacity of the grid (Sf-1) in the OptiMix scenario, the added
cost will be 0.0016 €/kWh (0.8% increase in price, Table 12), which is cost effective. In
addition, costs for grid expansion are avoided using PC. However, self-consumption is not
affected, and overproduction below Sf-1 will still be transported out of the municipality
(Figure 6b). In addition, when overproduction above Sf-1 increases, for example, in the PV
100% scenario, cost for curtailment will increase to 0.0234 €/kWh (11.7% increase in price)
(Table 12).

ST is the most effective single technology in lowering overproduction and demand,
creating a period where demand matches production (Figure 6b) and resulting in a self-
consumption of around 65% within the municipality (Figure 6a). However, the limited
integration of ST (10% of the houses or 26.1 MWh) will only lower peak production by
around 4% (Figure 6a). ST often responds immediately during overproduction or demand;
therefore, when peak loads occur, storage may be either already full or empty, reducing
the effectiveness during peak loads. In addition, the investment costs of ST are substantial;
combined with grid expansion, the cost of energy will increase by almost 80%. DSM, F-RE,
and ST combined have a substantial effect on decentralized balance (Figure 6), resulting
in a self-consumption of around 75% within the municipality (Figure 6a) and around 25%
of the time per year that demand matches production directly in the middle range of
the NLDC (Figure 6b). However, combining ST with either F-RE or DSM has a negative
effect on the utilization (operational hours) of ST and the reduction of peak load, caused
by, amongst others, the order in which the technologies can produce first or merit order.
Merit order affects the utilization of balancing technologies; when F-RE gets priority, the
utilization of ST lowers, as it is unable to discharge regularly (required to be available
again for moments of overproduction), and favoring ST will increase the overproduction
of biogas (as electricity) to the grid. Therefore, peak production is only lowered by around
4% (Figure 6a). Furthermore, there is a substantial increase in electricity price of around
80%, and grid strain remains largely unaffected (Figure 6a).

Overall, introducing balancing options can positively affect self-consumption and
matching demand and supply in the middle range of the NLDC. However, the effect on
decentralized balance is not significant and will not eliminate the need for grid expansion
except when using curtailment. This indicates that the unmanaged integration of balancing
options with limited capacities does not have the desired effect. In addition, in all scenarios,
the central balancing systems will need to increase transport, regulatory, and reserve
capacity significantly if a high percentage of the municipalities in The Netherlands will
produce and balance their renewable energy similarly.
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Figure 6. (a) Share of total demand per production for balancing technology scenarios, (b) Net load duration curves of the
balancing technology scenarios.

Table 12. Effects of curtailment on the renewable integration scenarios.

Demand Curtailed Curtailed Cost *

Scenario kWh/a kWh/a %/total €/kWh

OptiMix 60,380,850 482,796 0.80% €0.0016
100% PV 60,380,850 7,063,589 11.70% €0.0234

100% Wind 60,380,850 2,714,395 4.50% €0.0090

* Additional cost per consumed kWh of energy in the average municipality.

5.3. Optimization Scenarios

Within the optimization scenario, focus is placed on the effect of upscaling and
combining decentralized balancing options to optimize decentralized balance in four steps.
The results indicate that implementing Step 1 (Table 10) will increase self-consumption to
over 80% within the municipality (Figure 8a); also, demand and supply are balanced for
a large part of the year (Figure 8b). However, peak load is not significantly reduced, as
ST responds immediately during overproduction or demand, reducing the effectiveness
during peak loads (Figure 8b). Furthermore, the balance technologies combined with grid
expansion will substantially increase the electricity price by 160% (Figure 8a). Reducing the
amount of I-RE to 60% in Step 1 + 2 is very effective for lowering grid strain, substantially
reducing peak load back to REF scenario levels in the average municipality (Figure 8).
However, by lowering I-RE production, self-consumption will decrease to around 65%,
which requires additional RE production from for instance F-RE sources (Figure 8a). The
increase in energy costs is comparable to the OptiMix scenario at 50%, as the GC costs
are avoided. Increasing the biomass potential in Steps 1 + 2 + 3 can compensate the
lost I-RE production and also increase the balancing capacity (Figure 8b). Within this
context, local flexible renewable producers such as biogas can play an important role in
lowering grid load, not directly, but indirectly by lowering the need for I-RE. In addition,
self-consumption will increase to over 95% within the municipality (Figure 8a). However,
by increasing F-Re, the utilization of ST will decrease as it cannot discharge often. In
addition, the cost of energy in the municipality will increase with around 75%, which
is 25% higher than in the OptiMix scenario. The remaining overproduction from I-RE
after the utilization of the balancing options can be curtailed in Step 4, thereby avoiding
the accumulation of overproduction in the central electricity grid. The curtailment of all
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overproduction can be achieved cost effectively only in Step 1 + 2 and Step 1 + 2 + 3 and
with minimal loss of production (Table 13). Overall, when implementing all the steps
(Step 4), the results indicate that the required balancing capacity and overproduction can
be reduced substantially (Figure 8). Self-consumption of the municipality is around 95%
(Figure 8a), the total hours per year for which production matches demand sits above 90%
(Figure 8b), and there is no remaining overproduction due to the use of PC (Figure 7b).
The combination of balancing technologies also lowers the peak load to 60% of the current
peak load in the municipality, thereby freeing up capacity for increased demand (e.g.,
electric heat pumps, electric cars) or additional I-RE production. The use of a correct
combination of F-RE, lowering I-RE production to 60%, ST, and PC are shown to be crucial
to achieve the aforementioned. Hence, decentralized balancing can help to substantially
lower peak load and help to ensure local balance, indicating that it can play a vital role in
future balancing operations. However, the added cost for Step 4 is substantial (Figure 8a),
where consumers pay 75% more for one kWh of energy (e.g., from 0.20 to 0.35€ per kWh);
this compared to OptiMix combined with PC only has an added cost of 0.8% (e.g., from
0.20 to 0.2016€ per kWh). Therefore, F-RE with increased capacity, ST, and DSM cannot
be deemed cost effective. While cheaper at the moment, GC or PC will only reallocate
the imbalance problem, thereby significantly increasing the need for central transport,
regulatory, and reserve capacity. Additional cost required for grid expansions on middle
and higher voltage levels are not included in this research, which could have a substantial
effect on the grid expansion costs [68].

Table 13. Effects of curtailment on the optimization scenarios.

Demand Curtailed Curtailed Cost *

Scenario kWh/a kWh/a %/total €/kWh

OptiMix 60,380,850 26,432,884 43.8% €0.0876
Step 1 60,380,850 12,498,836 20.70% €0.0414

Step 1 + 2 60,380,850 664,189 1.10% €0.0022
Step 1 + 2 + 3 60,380,850 329,400 0.55% €0.0011

* Additional cost per consumed kWh of energy in the average municipality.

Figure 7. (a) LDC curve of RE 100% scenario with different weather patterns (50 solar PV and 50% wind installed capacity),
(b) Difference in yearly production RE 100% scenario for minimum and maximum years between 1990–2014.
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Figure 8. (a) Share of total demand per production for optimization scenarios, (b) Net load duration curves of the optimiza-
tion scenarios.

6. Sensitivity Analysis

For intermittent renewable production of electricity, the overall distribution of solar
irradiance and wind speed between different years is limited. To indicate the sensitivity of
solar and wind production, multiple years of weather data are modeled in the RE 100%
scenario (50% wind 50% solar PV installed capacity). Results indicate a low sensitivity
between the years of maximally 11.04% between yearly productions (Figure 7b). In addition,
differences in the renewable production LDC patterns over the selected years are limited.
Finally, there is sensitivity in yearly biomass availability depending on weather and plant
growth, which is not included in this study [51].

6.1. Sensitivity of Solar Irradiance

Within this article, the data used for solar irradiance is based on flat surface solar
irradiance, which is measured by the Dutch Metrologic Institute (KNMI) using a pyra-
nometer [46], which is not corrected for angle of the PV panels toward the sun and the
diffuse light component. The choice was made to use readily available local irradiance data
of an average solar and wind year, as this will not affect the overall variability significantly
during the day or over a whole year. Moreover, the maximum peak produced per day and
the yearly production total will differ (Appendix E). Therefore, the PV solar panels modeled
in this article will produce less than actual solar panels operating at optimal capacity.

7. Discussion

This article aims to contribute to a proper assessment of the overall effectiveness
of F-RE, DSM, PC, and ST on balancing local electricity demand and intermittent RE
production, with the goal of better understanding the effect of local balancing on renewable
integration and stress on the electricity grid. Within this research, an average energy
demand profile is used in all scenarios. However, when applied in practice, sensitivity can
be expected as demand patterns differ between locations and over time; hourly electricity
demand depends strongly on behavior of the citizens, weather, and or unknown effects
(e.g., shifting ownership or occupation, new appliances, improvement to heat pump or an
electric charging point, etc.). This article only uses the most common appliances found in
an average household and their yearly energy demand for DSM to indicate current effects
of DSM. The patterns used to determine when appliances are used within a household
date from the year 1994; within this period, change can be expected in the make-up of the
patterns in households. Unfortunately, more recent data were not available for this research.
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The maximum capacity of the grid within the average municipality is determined by the
Sf factors; however, in practice, the voltage is seen as a constraint where RE production
is shut down with voltage surpassing set levels. This can be caused by grid capacity,
transformer capacity and settings, and location of the producer in the grid (if situated near
the end of the grid, the voltage can rise more quickly). Within this context, the average
municipality is not representative of rural areas with lower numbers of houses on a grid
connection; here, grids can run into difficulties sooner as the percentage of, for instance,
PV can increase relatively quickly. From the results of this research, grid expansion can
be considered as a practical solution to overproduction with relatively low cost; however,
grid expansion on the low and medium voltage level will merely shift the problem of
imbalance to the national grid, putting additional strain on the transportation grid and
central balancing system. The costs required for strengthening the central grid are not
incorporated in this research. Additionally, future smart grids are comprised of not only
additional controllable appliances (e.g., heat pump) but can also, for instance, utilize active
pricing for consumers, communication, behavior change, and specially designed smart
appliances. When, for instance, electric cars make an entrance in the local electricity grid
combined with active pricing, the effect of DSM might change, creating new opportunities
for DSM and ST; however, demand for electricity will also increase. Additionally, focus
within this research was mainly on electricity, where heat also makes up an important share
of annual consumption within households. For instance, heat or cold storage can influence
decentralized balance by absorbing the overproduction of electricity.

8. Conclusions

Within this article, the effectiveness and cost of decentralized load balancing looking
at multiple combinations of technologies is analyzed. Depending on the percentage of
I-RE integrated and the technology utilized, peak production can double or even triple
when, for instance, using only solar PV, placing a substantial strain on the decentral
electricity grid and surpassing its maximum capacity (Sf-1). When including the required
grid reinforcements to handle the higher loads, costs of energy within the municipality
will increase by 50% (e.g., from 0.20 to 0.30 €/kWh). Within this context, settling for a
lower I-RE production in the municipality can already have a substantial impact on peak
production, thereby avoiding local investment in grid reinforcements. Within the optimized
scenarios, the self-consumption of the municipality reaches a level of around 95%, the total
hours per year of production matches demand to over 90%, and overproduction can be
curtailed without substantial losses, lowering grid strain. The combination of balancing
technologies also lowers the peak load to 60% of the current peak load in the municipality,
thereby freeing up capacity for increased demand (e.g., electric heat pumps, electric cars)
or additional I-RE production. The correct combination of F-RE, lowering I-RE production
to 60%, ST, and PC are shown to be crucial. However, the direct use of DSM has proven
ineffective without larger flexible demand present in the municipality. In addition, the
optimized scenario will require a substantial investment in installations and will increase
the energy cost by 75% in the municipality (e.g., from 0.20 to 0.35€ per kWh) compared to
50% (0.30€ per kWh) for GC.

Local balancing can be implemented effectively; however, it will not result in a
completely balanced municipality without significant presence. Therefore, solutions are
also required on other levels of scale (e.g., on the middle or high-voltage side or meso and
macro level) to ensure security of supply. Within this context, local balancing can effectively
support storage solutions on a higher level by managing peaks and flattening out variation
on the local level, thereby also lowering strain on the local electricity grid, which could
prevent or lower the need for grid expansion. To be able to support the national grid from
a local perspective, a clear strategy and focus must be proposed that governs if and how to
utilize local balancing technologies. The importance of strong storage solutions on a small
and large scale cannot be dismissed, as it is the only single technology capable of absorbing
production peaks and filling demand peaks.
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9. Further Research

(1) Smart management of storage and flexible renewable sources: In this article, a clear
tradeoff between peak load management and balancing demand and supply is de-
scribed where shifting the focus to one of the two will negatively affect the other.
A solution could be found in the discharge of ST during times of minor overpro-
duction or when demand and production are equal, making storage available again
during peak production as the battery creates new capacity by discharging. If storage
only discharges in the moment of energy demand, the storage capacity is used sub-
optimally. When also discharging during moments of low overproduction, the grid is
not overstressed, and new storage capacity is created.

(2) Thermal storage can also play an important role in local balancing of the electricity grid,
as 70% of domestic demand in The Netherlands consists of heat; therefore, electricity to
thermal energy could also be utilized when all other balancing technologies fail.

(3) Within the context aforementioned, controllable shut down of intermittent renewable
production or curtailment can become an important issue in future research. Smart
infrastructure can control production to such an extent that a minimal is lost and
a maximum is used or stored. Multiple information streams must be combined
including weather prediction, demand, and capacity to make optimum use of the
balancing technologies. This can be accompanied by optional drawbacks in utilization
of the resources, installation costs, and operational costs, which must be added to the
price of electricity.

(4) Finally, the integration of new technologies (e.g., electric cars, heat pumps) into the
electricity grid will influence the electricity system; understanding these and the
aforementioned effects in more detail can also help maximize the effect of (decentral-
ized) balancing.
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Nomenclature

RE Renewable Energy
I-RE Intermitted Renewable Energy
AD Anaerobic Digestion
NLDC Net Load Duration Curve
Sf Simultaneity factor
F-RE Flexible Renewable Energy
ST Storage
SME Small to Medium Enterprises
NLS Net Load Signal
DSM Demand Side Management
PC Power Curtailment
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Appendix A. Calculation Average Municipality in The Netherlands

Table A1. Main data of The Netherlands.

Value Unit Source

Total land surface of The Netherlands 3,367,996 ha CBS 2016
Total municipalities in The Netherlands 390 municipalities CBS 2016

Total households in The Netherlands 7,720,787 households CBS 2016
Total Inhabitants in The Netherlands 17,097,653 people CBS 2016-02-03-16:03

Average electricity consumption per household per year 3050 kWh/a CBS 2016

Table A2. Data average municipality.

Value Unit Source

Total land surface 8635.9 ha CBS 2016
86.4 km2 CBS 2016

Households 19,797 households CBS 2016
Inhabitants 43,840 people CBS 2016

Energy per household 10.98 GJ/a CBS 2016
Energy municipality 217,369.85 GJ/a CBS 2016

Electricity use municipality 60,380,514 kWh/a CBS 2016

Table A3. The main properties of the average municipality.

Surface Area Households Electricity Use per House Electricity Total

Km2 n GJ/a GJ/a
Municipality 86 19,797 10.98 a 217,370

a Electricity consumption is based on average consumption of 3050 kWh/a per household in 2014 in The Netherlands [11].

Figure A1. (a) Example of energy demand pattern for winter and summer week average municipality. (b) Example of
energy demand pattern for winter, spring, summer, and autumn day average municipality.

Appendix B. Economic Indicators

Within the scenarios, biogas is indicated as “F-RE” followed by the percentage of
installed power and biogas storage, e.g., “F-RE 500% (Table A4). For local balancing
purposes, the capacity of the CHP and biogas storage can be enlarged based on an average
estimate cost projection for reciprocating CHP engines [52–55].
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Table A4. Scenario settings for improved local balancing options with expansion capacity AD installation.

Power CHP ST Capacity Power Efficiency Costs Cost Year Cost kWh

kW kWh kW % € €/a €/kWh

F-RE CHP and storage 120% 29,695.3 15.90 15.90 15.90
F-RE CHP and storage 500% 197,968.9 20.40 1.36 0.00

F-RE CHP and storage 1000% 395,937.8 20.40 1.36 0.00
F-RE CHP and storage 120% 59,390.7 1,187,813.4 0.00 0.00 0.00
F-RE CHP and storage 500% 296,953.3 5,939,066.9 17.70 1.18 0.00

F-RE CHP and storage 1000% 593,906.7 11,878,133.8 0.00 0.00 0.00

DSM in 100% of the houses 21,261,859.58 116,801.65 116,801.65 100 19,796,889.74 1,319,792.65 0.02

ST in 10% of the houses 26,131.89 13,857.82 9898.44 1762 1,286,797.83 128,679.78 0.00
ST in 50% of the houses 130,659.47 69,289.11 49,492.22 8810 6,433,989.17 643,398.92 0.01
ST in 100% of the houses 261,318.94 138,578.23 98,984.45 17,619 12,867,978.33 1,286,797.83 0.02

Laying cable municipality 8,479,403.81 339,176.15 0.01
Additional connection (per kW) 11.60 0.46 0.00

Appendix C. RE Production Calculations

(1) Wind turbine output calculations

For determining the hourly electricity production of a selected wind turbine, first, the
wind speed measured at ground level (Figure A2a) is corrected to the wind speed at the
hub height of the wind turbine (Va), using a correction formula Equation (A1), which takes
into account the measurement height (Hm) at the weather station, the hub height of the
wind turbine (Ha), and the roughness of the measurement area (Rm) (Tables A3 and A4).

Va (0−8760) =

(
Vm (0−8760) ×

Ln(Ha/Rm)

Ln(Hm/Rm)

)
(m/s) (A1)
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Figure A2. (a) Wind speed adjusted for hub height, winter and summer week. (b) Solar irradiance ground, winter and
summer week.

Second, the power of the wind turbine (Pw) is determined using a set of conditions
which include start up wind speed, ramp up, maximum production, and cut off wind
speed, as shown in Equation (A2). The set of conditions are based on a 2 MW Vestas wind
turbine [48]. The ramp up production is determined through a polynomial trace line placed
over the power curve of the selected wind turbine (Figure A3).

Table A5. Values used for wind correction formula.

Unit Measurement Site Wind Turbine Source

Height (Va) m 10 80 [45,48]
Roughness length (Rm) m 0.055 − [69]
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Table A6. Table used for determination of roughness class for wind speed correction calculation.

Landscape Description Roughness Class
RC

Roughness Length
m

Energy Index
%

Water surface 0 0.0002 100

Completely open terrain with a smooth surface, such as
concrete runways in airports, mowed grass 0.5 0.0024 73

Open agricultural area without fences and hedgerows
within a distance of about 1250 m 1 0.03 52

Agricultural land with some houses and 8 m tall
sheltering hedgerows within a distance of about 1250 m 1.5 0.055 45

Agricultural land with some houses and 8 m tall
sheltering hedgerows within a distance of about 500 m 2 0.1 39

Agricultural land with many houses, scrubs, and plants or
8 m tall sheltering hedgerows within a distance of about

250 m
2.5 0.2 31

Municipality, small towns, agricultural land with many or
tall sheltering hedgerows, forests, and very rough and

uneven terrain
3 0.04 24

Larger cities with tall buildings 3.5 0.8 18

Very large cities with tall buildings and skyscrapers 4 1.6 13

Pw (0−8760) =

IF
(

Va (0−8760) < 3, 0
)

,

IF
(

Va (0−8760) > 3, 0.0194Va
6 − 1.0524Va

5 + 22.65Va
4 − 249.22Va

3 + 1502.1Va
2 − 4593.8Va

1 + 5492.5
)

,

IF
(

Va (0−8760) > 15, 2000
)

,

IF
(

Va (0−8760) > 25, 0
)

(kW)

(A2)

Figure A3. Power curve for on land Vestas V-80 2MW turbine [48].
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Appendix D. Scenarios

The results indicted in this article are the culmination of multiple scenarios described
in this appendix (Figure A4).

Figure A4. Scenarios used within this article.

(1) Use of merit order

The utilization of renewable technologies within the scenarios is based on merit order.
The merit order determines which production technology has the right to produce first
when multiple technologies are available. Within the scenarios, merit order is indicated by
order of technology listed in the scenario name (Figure A5).

Figure A5. The principle of merit order in the scenario names.

(2) Renewable integration scenarios

Within the renewable integration scenarios (based on the renewable goals set by the
EU for 2020, 2030, and 2050 [65,66]), a specific amount of intermittent RE production (a
percentage of the total yearly electricity demand of the average municipality) will be placed
in the municipality (Table A7). The range of the scenarios will be between 0 and 100% I-RE
in several steps to determine the effects on the balance indicators.

Table A7. Installed capacity in kW of renewable resources in renewable integration scenarios.

Technology REF RE 20% RE 60% RE 100% OptiMix PV 100% Wind 100%

Wind 1411.7 3585.2 10,755.6 17,926.0 22,727.0 6,2753.0 0.0
PV 628.5 6275.3 18,825.9 31,377.0 22,973.0 0.0 35,852.0

(3) Renewable integration scenarios

These scenarios are used to indicate the effect of integrating intermittent renewable
resources into the average municipality (Table A8). The amount of renewable energy
produced, of the total yearly demand of the average municipality, is indicated in the
scenario name by the percentage of the total demand produced (e.g., “RE 60%”). The
results from the scenarios will be compared to the REF scenario.
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Table A8. Renewable integration scenarios.

Affiliation Description of the Scenario

REF 100% of the electricity will be retrieved from the national grid, including 4% wind and
1% solar PV electricity production [67].

RE 20%
20% of the total yearly demand of the average municipality will be produced by the
intermittent RE sources of wind and solar PV, with a mix of 50% wind and 50% solar PV
electricity production.

RE 60%
60% of the total yearly demand of the average municipality will be produced by the
intermittent RE sources of wind and solar PV, with a mix of 50% wind and 50% solar PV
electricity production.

RE 100%
100% of the total yearly demand of the average municipality will be produced by the
intermittent RE sources of wind and solar PV, with a mix of 50% wind and 50% solar PV
electricity production.

OptiMix 100%
100% of the total yearly demand of the average municipality will be produced by the
intermittent RE sources of wind and solar PV, with an optimum mix of wind and solar,
looking at the lowest amount of overproduction.

PV 100% In the RE 100% PV production scenario, 100% of the total yearly demand of the average
municipality will be produced by the intermittent RE source of solar PV.

Wind 100% In the RE 100% wind production scenario, 100% of the total yearly demand of the average
municipality will be produced by the intermittent RE source of wind.

Table A9. Installed capacity in kW of renewable resources in renewable integration scenarios.

Technology REF RE 20% RE 60% RE 100% OptiMix PV 100% Wind 100%

Wind 1411.7 3585.2 10,755.6 17,926.0 22,727.0 62,753.0 0.0
PV 628.5 6275.3 18,825.9 31,377.0 22,973.0 0.0 35,852.0

F-RE − − − − − − −
ST − − − − − − −

Grid 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7

Table A10. Results from the renewable integration scenarios.

REF RE 20% RE 60% RE 100% OptiMix PV 100% Wind 100% Unit

Wind 2377.0 6038.0 16,304.0 22,051.0 24,584.0 0.0 29,193.0 MWh/a
PV 605.0 6027.0 11,180.0 11,541.0 9364.0 23,662.0 0.0 MWh/a

F-RE 0.0 0.0 0.0 0.0 0.0 0.0 0.0 MWh/a
ST 0.0 0.0 0.0 0.0 0.0 0.0 0.0 MWh/a

Grid 57,399.0 48,316.0 32,896.0 26,789.0 26,433.0 36,719.0 31,188.0 MWh/a
Surplus 0.0 11.4 8743.8 26,788.5 26,433.0 36,718.9 31,187.9 MWh/a

F-RE surplus 0.0 0.0 0.0 0.0 0.0 0.0 0.0 MWh/a
Peak production 0.0 0.0 17,370.2 33,988.3 31,238.3 51,747.2 30,768.0 kW

Peak demand 14,252.6 14,241.8 14,206.4 14,171.0 14,147.3 14,405.7 14,082.5 kW
Cost price €0.20 €0.20 €0.20 €0.21 €0.21 €0.21 €0.21 €

Grid expansion €0.00 €0.00 €0.00 €0.01 €0.01 €0.01 €0.01 €
F-RE − − − − − − − €
DSM − − − − − − − €

ST − − − − − − − €
Technology cost − − − − − − − €
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Figure A6. Main yearly results from the renewable integration scenarios.

Figure A7. Main LDC results from the renewable integration scenarios.

(4) Balancing technology scenarios

The following scenarios are used to indicate the effect of integrating balancing tech-
nologies resources into the average municipality. The RE production in the scenario is
based on the OptiMix 100% scenario (Table A11).
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Table A11. Local balancing technology scenarios.

Affiliation Balancing Technology Scenarios

OptiMix

All the following scenarios will start with the installed capacity of the OptiMix scenario
where 100% of the total yearly demand of the average municipality will be produced by the
intermittent RE sources of wind and solar PV, with an optimum mix of wind and solar,
looking at the lowest amount of overproduction.

+F-RE
In the (F-RE) scenario, an AD system will be installed (added to the OptiMix scenario),
producing electricity for balancing purposes, operating an CHP unit at 120% capacity and
calculating the BioAVE biomass availability (Table 4).

+DSM
In the DSM scenario, DSM will be installed in all households in the average municipality
(added to the OptiMix scenario) utilizing the most common appliances in use today
(Table 5).

+ST
In the ST scenario, the battery storage system will be based on the Tesla Powerwall (Table 6).
For this scenario, 10% of the households will have a battery system (added to the OptiMix
scenario).

Affiliation Combined Balancing Technology Scenarios

+DSM + F-RE In this scenario, DSM is combined with F-RE and added to the OptiMix scenario. The merit
order, or order of deployment for the technologies, will be similar to the scenario name.

+F-RE + ST In this scenario, F-RE is combined with ST and added to the OptiMix scenario. The merit
order, or order of deployment for the technologies, will be similar to the scenario name.

+DSM + ST In this scenario, DSM is combined with ST and added to the OptiMix scenario. The merit
order, or order of deployment for the technologies, will be similar to the scenario name.

+DSM + F-RE + ST
In the combined scenario, multiple load balancing option is utilized (DSM, F-RE, and ST).
The merit order, or order of deployment for the technologies, will be similar to the scenario
name, where in DSM + ST, the merit order is first DSM and then ST.

Table A12. Installed capacity in kW of balancing technologies scenarios.

Technology F-RE DSM ST DSM + F-RE F-RE + ST DSM + ST DSM + F-RE + ST

Wind 22,727.0 22,727.0 22,727.0 22,727.0 22,727.0 22,727.0 22,727.0
PV 22,973.0 22,973.0 22,973.0 22,973.0 22,973.0 22,973.0 22,973.0

F-RE 1150.1 − − 1150.1 1150.1 − 1150.1
ST − − 13,858.0 − 13,858.0 13,858.0 13,858.0

Grid 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7

Table A13. Results from the balancing technologies scenarios.

F-RE DSM ST DSM +
F-RE F-RE + ST DSM + ST DSM + F-RE

+ ST Unit

Wind 24,584.0 25,437.0 24,584.0 25,236.0 24,584.0 25,279.0 25,108.0 MWh/a
PV 9364.0 10,276.0 9364.0 10,059.0 9364.0 10,141.0 9952.0 MWh/a

F-RE 5851.0 0.0 0.0 6208.0 5851.0 0.0 6164.0 MWh/a
ST 0.0 0.0 6067.0 0.0 5698.0 5380.0 5068.0 MWh/a

Grid 20,583.0 24,668.0 20,366.0 18,877.0 14,885.0 19,582.0 14,089.0 MWh/a
Surplus 26,433.0 24667.8 18,879.3 25,084.8 19,241.1 18,211.6 18,851.9 MWh/a

F-RE surplus 2541.1 0.0 0.0 2184.4 2541.1 0.0 2229.1 MWh/a
Peak production 31,238.3 31,238.3 31,029.3 31,238.3 31,029.3 31,029.3 31,029.3 kW

Peak demand 12,997.2 14,147.3 14,147.3 12,997.2 12,997.2 14,147.3 12,997.2 kW
Cost price €0.21 €0.23 €0.23 €0.23 €0.23 €0.25 €0.25 €

Grid expansion €0.00635 €0.01 €0.01 €0.01 €0.01 €0.01 €0.01 €
F-RE €0.00000 − − €0.00 €0.00 − €0.00 €
DSM − €0.02 − €0.02 − €0.02 €0.02 €

ST − − €0.02 − €0.02 €0.02 €0.02 €
Technology cost €0.00 €0.02 €0.02 €0.02 €0.02 €0.04 €0.04 €

The following scenarios are used to indicate the effect of peak shaving on the maximum
demand and production peak in the average municipality (Table A14). A scenario using this
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option is indicated with “+Peak”, followed by the set point for peak production (Figure A8,
x) and the set point for peak demand (Figure A8, y); both can be altered independently. For
instance, if ST charges at 80% of the production peak and discharges at 0% of the demand
peak (or the highest peak occurring in the average municipality) the scenario is indicated
with “Peak 80–0%”, and if both set points are similar, “Peak 80%” is used.

Figure A8. The principle of peak shaving in the PowerPlan model.

Table A14. Peak shaving scenarios.

Affiliation Description of the Scenario

OptiMix

All following scenarios will start with the installed capacity of the OptiMix scenario, where 100% of the
total yearly demand of the average municipality will be produced by the intermittent RE sources of
wind and solar PV, with an optimum mix of wind and solar, looking at the lowest amount of
overproduction.

DSM + F-RE + ST + Peak 50%
In the +Peak scenarios, focus is placed on peak shaving using the peak shaving management described
in applied to F-RE and ST. The range will be set from 50% to 80% of the maximum demand and
production peak.

DSM + F-RE + ST + Peak 80%
In the +Peak scenarios, focus is placed on peak shaving using the peak shaving management described
in applied to F-RE and ST. The range will be set from 50% to 80% of the maximum demand and
production peak.

DSM + F-RE + ST + Peak 80–0%
In the +Peak scenarios, focus is placed on peak shaving using the peak shaving management described
in applied to F-RE and ST. The range will be set from 50% to 80% of the maximum demand and
production peak.

Table A15. Installed capacity in kW of peak scenarios.

Technology Peak 50% Peak 80% Peak 80–0%

Wind 22,727.0 22,727.0 22,727.0
PV 22,973.0 22,973.0 22,973.0

F-RE 1150.1 1150.1 1150.1
ST 13,858.0 13,858.0 13,858.0

Grid 14,405.7 14,405.7 14,405.7

Table A16. Results from the peak scenarios.

Peak 50% Peak 80% Peak 80–0% Unit

Wind 25,108.0 25,108.0 25,108.0 MWh/a
PV 9952.0 9952.0 9952.0 MWh/a

F-RE 2569.0 305.0 305.0 MWh/a
ST 1051.0 9.0 229.0 MWh/a

Grid 21,701.0 25,007.0 24,786.0 MWh/a
Surplus 23,293.0 25,069.5 23,314.2 MWh/a

F-RE surplus 5819.8 8079.3 8079.3 MWh/a
Peak production 31,029.3 31,029.3 31,029.3 kW

Peak demand 12,991.0 12,994.9 11,957.8 kW
Cost price €0.25 €0.25 €0.25 €

Grid expansion €0.01 €0.01 €0.01 €
F-RE €0.00 €0.00 €0.00 €
DSM €0.02 €0.02 €0.02 €

ST €0.02 €0.02 €0.02 €
Technology cost €0.04 €0.04 €0.04 €
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Figure A9. Main yearly results from the renewable integration and peak shaving scenarios.

Figure A10. Main LDC results from the renewable integration and peak shaving scenarios.

(5) Balancing technology scenarios

The following scenarios are used to indicate the effect of increasing the capacity of the
balancing technologies and applying peak shaving to lower peak production and demand
in the average municipality (Table A17).



Energies 2021, 14, 4926 27 of 34

Table A17. Increased capacity of balancing technology scenarios including peak shaving.

Affiliation Increased Capacity Scenarios

OptiMix

All the following scenarios will start with the installed capacity of the OptiMix scenario,
where 100% of the total yearly demand of the average municipality will be produced by the
intermittent RE sources of wind and solar PV, with an optimum mix of wind and solar,
looking at the lowest amount of overproduction.

+DSM + F-RE + ST + Size 50%
In the +Size 50% scenario, the power rating of the CHP and the biogas storage size will be
expanded with 500%. Battery storage size will be altered to 50% of the housing stock
(Appendix C).

+DSM + F-RE + ST + Size 100%
In the +Size 100% scenario, the power rating of the CHP and the biogas storage size will be
expanded with a 1000%. The battery storage size will be altered to 100% of the housing
stock (Appendix C).

Affiliation Increased Capacity Peak Shaving Scenarios

Size 100%
All following scenarios will start with the Size 100% scenario, where the power rating of the
CHP and the biogas storage size will be expanded with a 1000%. Battery storage size will be
altered to 100% of the housing stock (Appendix C).

+Peak 50% In the +Peak 50% scenario, ST only charges above 50% of the production peak and ST and
F-RE only discharge or operate above 50% of the demand peak.

+Peak 60% In the +Peak 50% scenario, ST only charges above 60% of the production peak and ST and
F-RE only discharge or operate above 60% of the demand peak.

+Peak 70% In the +Peak 50% scenario, ST only charges above 70% of the production peak and ST and
F-RE only discharge or operate above 70% of the demand peak.

+Peak 80% In the +Peak 80% scenario, ST only charges above 50% of the production peak and ST and
F-RE only discharge or operate above 80% of the demand peak.

+Peak 0–80% In the +Peak 50% scenario, ST only charges above 0% of the production peak and ST and
F-RE only discharge or operate above 80% of the demand peak.

+Peak 80–0% In the +Peak 80% scenario, ST only charges above 50% of the production peak and ST and
F-RE only discharge or operate above 0% of the demand peak.

Table A18. Installed capacity in kW capacity of balancing technology scenarios including peak shaving.

Technology Size 50% Size 100% Size 100% +
Peak 50%

Size 100% +
Peak 60%

Size 100% +
Peak 70%

Size 100% +
Peak 80%

Size 100% +
Peak 0–80%

Size 100% +
Peak 80–0%

Wind 22,727.0 22,727.0 22,727.0 22,727.0 22,727.0 22,727.0 22,727.0 22,727.0
PV 22,973.0 22,973.0 22,973.0 22,973.0 22,973.0 22,973.0 22,973.0 22,973.0

F-RE 4792.2 9584.5 9584.5 9584.5 9584.5 9584.5 9584.5 9584.5
ST 69,289.1 138,578.2 138,578.2 138,578.2 138,578.2 138,578.2 138,578.2 138,578.2

Grid 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7

Table A19. Results from the balancing technology scenarios including peak shaving.

Size 50% Size 100% Size 100% +
Peak 50%

Size 100% +
Peak 60%

Size 100% +
Peak 70%

Size 100% +
Peak 80%

Size 100% +
Peak 0–80%

Size 100% +
Peak 80–0% Unit

Wind 24,727.0 24,596.0 24,632.0 24,683.0 24,752.0 24,892.0 24,596.0 24,892.0 MWh/a
PV 9398.0 9364.0 9365.0 9372.0 9429.0 9673.0 9364.0 9673.0 MWh/a

F-RE 8418.0 8491.0 5031.0 2617.0 1141.0 384.0 8491.0 384.0 MWh/a
ST 7811.0 8513.0 1454.0 224.0 40.0 16.0 504.0 174.0 MWh/a

Grid 10,027.0 9417.0 19,899.0 23,484.0 25,019.0 25,416.0 17,426.0 25,258.0 MWh/a
Surplus 12,490.6 7333.6 16,172.4 21,360.6 23,711.6 24,688.7 25,291.3 10,731.0 MWh/a

F-RE surplus 26.4 0.0 3457.4 5708.7 7165.9 7916.6 0.0 7916.6 MWh/a
Peak production 30,193.1 29,147.8 29,147.8 29,147.8 29,147.8 27,541.1 27,541.1 29,147.8 kW

Peak demand 13,162.9 11,951.7 11,115.8 8643.2 10,084.0 14,086.0 12,266.9 11,524.4 kW
Cost price €0.32 €0.43 €0.43 €0.43 €0.43 €0.43 €0.43 €0.43 €

Grid expansion €0.01 €0.01 €0.01 €0.01 €0.01 €0.01 €0.01 €0.01 €
F-RE €0.00 €0.01 €0.01 €0.01 €0.01 €0.01 €0.01 €0.01 €
DSM €0.02 €0.02 €0.02 €0.02 €0.02 €0.02 €0.02 €0.02 €

ST €0.11 €0.21 €0.21 €0.21 €0.21 €0.21 €0.21 €0.21 €
Technology cost €0.11 €0.22 €0.22 €0.22 €0.22 €0.22 €0.22 €0.22 €
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The following scenarios are used to indicate the effect of lowering RE production in
the average municipality (Table A20).

Table A20. Lowering the RE production scenarios.

Affiliation Increased Capacity Scenarios

OptiMix 60%
+ DSM + F-RE + ST + Size 50%

In this scenario, the RE production from the OptiMix scenario is lowered to 60% of the total
yearly demand in the average municipality. DSM is installed in all the houses. The power
rating of the CHP and the biogas storage size will be expanded by 500%. Battery storage
size will be altered to 50% of the housing stock (Appendix C).

OptiMix 60%
+ DSM + F-RE + ST + Size 100%

In this scenario, the RE production from the OptiMix scenario is lowered to 60% of the total
yearly demand in the average municipality. DSM is installed in all the houses. The power
rating of the CHP and the biogas storage size will be expanded by 1000%. Battery storage
size will be altered to 100% of the housing stock (Appendix C).

OptiMix 80%
+ DSM + F-RE + ST + Size 50%

In this scenario, the RE production from the OptiMix scenario is lowered to 80% of the total
yearly demand in the average municipality. DSM is installed in all the houses. The power
rating of the CHP and the biogas storage size will be expanded by 500%. Battery storage
size will be altered to 50% of the housing stock (Appendix C).

OptiMix 80%
+ DSM + F-RE + ST + Size 100%

In this scenario, the RE production from the OptiMix scenario is lowered to 80% of the total
yearly demand in the average municipality. DSM is installed in all the houses. The power
rating of the CHP and the biogas storage size will be expanded by 1000%. Battery storage
size will be altered to 100% of the housing stock (Appendix C).

Table A21. Installed capacity in kW of the lowered RE production scenarios.

Technology RE 60% + Size 50% RE 60% + Size 100% RE 80% + Size 50% RE 80% + Size 100%

Wind 13,636.2 13,636.2 18,181.6 18,181.6
PV 13,783.8 13,783.8 18,378.4 18,378.4

F-RE 4792.2 9584.5 4792.2 9584.5
ST 69,289.1 138,578.2 69,289.1 138,578.2

Grid 14,405.7 14,405.7 14,405.7 14,405.7

Table A22. Results from the lowered RE production scenarios.

RE 60% + Size
50%

RE 60% + Size
100%

RE 80% + Size
50%

RE 80% + Size
100% Unit

Wind 18,989.0 18,989.0 22,210.0 22,210.0 MWh/a
PV 8768.0 8768.0 9239.0 9239.0 MWh/a
F-RE 8294.0 8492.0 7585.0 8078.0 MWh/a
ST 5641.0 5502.0 8784.0 9366.0 MWh/a
Grid 18,689.0 18,630.0 12,564.0 11,489.0 MWh/a
Surplus 682.7 114.2 4168.4 1322.2 MWh/a
F-RE surplus 150.1 0.0 842.6 346.6 MWh/a
Peak production 14,748.2 12,932.4 22,470.7 21,425.4 kW
Peak demand 13,242.0 13,035.1 13,217.4 12,971.5 kW
Cost price €0.31 €0.42 €0.32 €0.43 €
Grid expansion €0.00 €0.00 €0.01 €0.01 €
F-RE €0.00 €0.01 €0.00 €0.01 €
DSM €0.02 €0.02 €0.02 €0.02 €
ST €0.11 €0.21 €0.11 €0.21 €
Technology cost €0.11 €0.22 €0.11 €0.22 €
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Figure A11. Main yearly results from the lowered RE production scenarios.

Figure A12. Main LDC results from the lowered RE production scenarios.

(6) Increased biomass potential scenarios combined with lowering RE production

The following scenarios are used to indicate the effect of increasing the biomass
availability in the average municipality in combination with lowering RE production
(Table A23).
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Table A23. BioMAX scenarios.

Affiliation Increased biomass potential scenarios

BioMAX All following scenarios will start with the BioMAX scenario, which is based on a rural
mainly agricultural municipality with high biomass availability (Table 4).

+OptiMix + F-RE In the (F-RE) scenario, an AD system will be installed (added to the OptiMix scenario)
producing electricity for balancing purposes, operating a CHP unit at 120% capacity.

+OptiMix + F-RE 500% In the (F-RE) 500% scenario, an AD system will be installed (added to the OptiMix scenario)
producing electricity for balancing purposes, operating a CHP unit at 500% capacity.

OptiMix + F-RE 1000% In the (F-RE) 1000% scenario, an AD system will be installed (added to the OptiMix
scenario) producing electricity for balancing purposes, operating a CHP unit at 1000%.

Affiliation Increased biomass potential reduced RE production scenarios

+OptiMix 60% + DSM + F-RE 500%
In this scenario, the RE production from the OptiMix scenario is lowered to 60% of the total
yearly demand in the average municipality. DSM is installed in all the houses. The power
rating of the CHP and the biogas storage size will be expanded by 500%.

+OptiMix 60% + DSM + ST 50% +
F-RE 500%

In this scenario, the RE production from the OptiMix scenario is lowered to 60% of the total
yearly demand in the average municipality. DSM is installed in all the houses. The power
rating of the CHP and the biogas storage size will be expanded by 500%. Battery storage
size will be altered to 50% of the housing stock (Appendix C).

+OptiMix 60% + DSM + ST 100% +
F-RE 500%

In this scenario, the RE production from the OptiMix scenario is lowered to 60% of the total
yearly demand in the average municipality. DSM is installed in all the houses. The power
rating of the CHP and the biogas storage size will be expanded by 500%. Battery storage
size will be altered to 100% of the housing stock (Appendix C).

+OptiMix 60% + DSM + ST 50% +
F-RE 1000%

In this scenario, the RE production from the OptiMix scenario is lowered to 60% of the total
yearly demand in the average municipality. DSM is installed in all the houses. The power
rating of the CHP and the biogas storage size will be expanded by 1000%. Battery storage
size will be altered to 50% of the housing stock (Appendix C).

Table A24. Installed capacities in kW of the BioMAX scenarios.

Technology F-RE 120% F-RE 500% F-RE 1000% RE 60% + DSM
+ F-RE 500%

RE 60% + DSM + ST
50% + F-RE 500%

RE 60% + DSM + ST
100% + F-RE 500%

RE 60% + DSM + ST
50% + F-RE 1000%

Wind 22,727.0 22,727.0 22,727.0 13,636.2 13,636.2 13,636.2 13,636.2
PV 22,973.0 22,973.0 22,973.0 13,783.8 13,783.8 13,783.8 13,783.8

F-RE 4404.0 22,020.0 44,040.0 22,020.0 22,020.0 22,020.0 22,020.0
ST − − − − 69,289.1 138,578.2 69,289.1

Grid 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7 14,405.7

Table A25. Results from the BioMAX scenarios.

F-RE 120% F-RE 500% F-RE 1000%
RE 60% +

DSM + F-RE
500%

RE 60% + DSM
+ ST 50% + F-RE

500%

RE 60% + DSM
+ ST 100% +
F-RE 500%

RE 60% + DSM
+ ST 50% + F-RE

1000%
Unit

Wind 24,584.0 24,584.0 24,584.0 16,304.0 16,304.0 16,304.0 16,304.0 MWh/a
PV 9364.0 9364.0 9364.0 11,180.0 11,180.0 11,180.0 11,180.0 MWh/a

F-RE 8510.0 25,013.0 25,657.0 28,821.0 28,821.0 23,563.0 24,337.0 MWh/a
ST 0.0 0.0 0.0 0.0 451.0 6255.0 6255.0 MWh/a

Grid 17,923.0 1420.0 776.0 4076.0 3624.0 3078.0 2304.0 MWh/a
Surplus 26,433.0 26,433.0 26,433.0 8743.8 2610.7 329.4 329.4 MWh/a

F-RE surplus 0.0 7039.5 6175.2 3538.3 3538.3 8628.3 7986.8 MWh/a
Peak production 31,238.3 31,238.3 31,238.3 17,370.2 16,324.9 16,324.9 16,324.9 kW

Peak demand 13,206.9 9176.3 8439.6 9692.8 9528.5 9303.6 8439.6 kW
Cost price €0.21 €0.22 €0.23 €0.24 €0.34 €0.45 €0.35 €

Grid expansion €0.006 €0.006 €0.006 €0.000 €0.000 €0.000 €0.000 €
F-RE €0.008 €0.013 €0.023 €0.013 €0.013 €0.013 €0.023 €
DSM − − − €0.022 €0.022 €0.022 €0.022 €

ST − − − − €0.107 €0.213 €0.107 €
Technology cost €0.008 €0.013 €0.023 €0.035 €0.142 €0.248 €0.151 €
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Figure A13. Main yearly results from the BioMAX scenarios.

Figure A14. Main LDC results from the BioMAX scenarios.
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Appendix E. Sensitivity of Angle Solar PV Panels

To indicate the possible sensitivity, the KNMI data of the year 2005 are compared to
the solar irradiance correction model HELIOCLIM-3 by SoDa for the year 2005, which
works on satellite data [70] (Table A15). The plane of the panel, within HELIOCLIM-3, is set
to south with an angle of 30 degrees for the location Eelde. The maximum sensitivity range
for yearly summated solar irradiance is around 17% between the Eelde and Soda scenario
(Figure A15b), which will only be in effect when 100% solar PV is utilized in a scenario.
In the OptiMix scenario (base scenario for most balancing scenarios), the production of
solar PV was around 30% of the total energy production, therefore lowering the overall
sensitivity of solar production and the sensitivity of peak production to around 5%. Within
the aforementioned context, the results within this article are more conservative than can
be expected in real life cases; therefore, problems regarding balance and grid load could
occur sooner.

Figure A15. (a) LDC curve of measured flat solar irradiance at Eelde compared to corrected solar
irradiance at angle of 30 degrees compiled by SoDa based on same Eelde data 2005 [70], (b) Difference
in yearly irradiance 2005, (c) Solar irradiance of one summer day in 2005.

References
1. Viral, R.; Khatod, D.K. Optimal planning of distributed generation systems in distribution system: A review. Renew. Sustain.

Energy Rev. 2012, 16, 5146–5165. [CrossRef]
2. Van der Veen, R.A.C.; De Vries, L.J. The impact of microgeneration upon the Dutch balancing market. Energy Policy 2009, 37,

2788–2797. [CrossRef]
3. Tarroja, B.; Mueller, F.; Eichman, J.D.; Samuelsen, S. Metrics for evaluating the impacts of intermittent renewable generation on

utility load-balancing. Energy 2012, 42, 546–562. [CrossRef]
4. Ueckerdt, F.; Brecha, R.; Luderer, G.; Sullivan, P.; Schmid, E.; Bauer, N.; Böttger, D.; Pietzcker, R. Representing power sector

variability and the integration of variable renewables in long-term energy-economy models using residual load duration curves.
Energy 2015, 90 Pt 2, 1799–1814. [CrossRef]

5. Eissa, M.M. Protection techniques with renewable resources and smart grids—A survey. Renew. Sustain. Energy Rev. 2015, 52,
1645–1667. [CrossRef]

6. Impram, S.; Varbak Nese, S.; Oral, B. Challenges of renewable energy penetration on power system flexibility: A survey. Energy
Strategy Rev. 2020, 31, 100539. [CrossRef]

7. Brunner, C.; Deac, G.; Braun, S.; Zöphel, C. The future need for flexibility and the impact of fluctuating renewable power
generation. Renew. Energy 2020, 149, 1314–1324. [CrossRef]

http://doi.org/10.1016/j.rser.2012.05.020
http://doi.org/10.1016/j.enpol.2009.03.015
http://doi.org/10.1016/j.energy.2012.02.040
http://doi.org/10.1016/j.energy.2015.07.006
http://doi.org/10.1016/j.rser.2015.08.031
http://doi.org/10.1016/j.esr.2020.100539
http://doi.org/10.1016/j.renene.2019.10.128


Energies 2021, 14, 4926 33 of 34

8. Rodríguez, R.A.; Becker, S.; Andresen, G.B.; Heide, D.; Greiner, M. Transmission needs across a fully renewable European power
system. Renew. Energy 2014, 63, 467–476. [CrossRef]

9. Lund, H.; Andersen, A.N.; Østergaard, P.A.; Mathiesen, B.V.; Connolly, D. From electricity smart grids to smart energy systems—
Market operation based approach and understanding. Energy 2012, 42, 96–102. [CrossRef]

10. Hsieh, E.; Anderson, R. Grid flexibility: The quiet revolution. Electr. J. 2017, 30, 1–8. [CrossRef]
11. Bureau of Statistics Netherlands, Henri Faasdreef 312, 2492 JP Den Haag. Website Statistics Netherlands; 2015. Available online:

https://opendata.cbs.nl/statline/#/CBS/nl/navigatieScherm/thema (accessed on 10 August 2021).
12. Adil, A.M.; Ko, Y. Socio-technical evolution of Decentralized Energy Systems: A critical review and implications for urban

planning and policy. Renew. Sustain. Energy Rev. 2016, 57, 1025–1037. [CrossRef]
13. Vandezande, L.; Meeus, L.; Belmans, R.; Saguan, M.; Glachant, J. Well-functioning balancing markets: A prerequisite for wind

power integration. Energy Policy 2010, 38, 3146–3154. [CrossRef]
14. Sechilariu, M.; Wang, B.; Locment, F. Building-integrated microgrid: Advanced local energy management for forthcoming smart

power grid communication. Energy Build. 2013, 59, 236–243. [CrossRef]
15. Basak, P.; Chowdhury, S.; Halder nee Dey, S.; Chowdhury, S.P. A literature review on integration of distributed energy resources

in the perspective of control, protection and stability of microgrid. Renew. Sustain. Energy Rev. 2012, 16, 5545–5556. [CrossRef]
16. Paladin, A.; Das, R.; Wang, Y.; Ali, Z.; Kotter, R.; Putrus, G.; Turri, R. Micro market based optimisation framework for decentralised

management of distributed flexibility assets. Renew. Energy 2021, 163, 1595–1611. [CrossRef]
17. Berglund, M.; Börjesson, P. Assessment of energy performance in the life-cycle of biogas production. Biomass Bioenergy 2006, 30,

254–266. [CrossRef]
18. Hahn, H.; Ganagin, W.; Hartmann, K.; Wachendorf, M. Cost analysis of concepts for a demand oriented biogas supply for flexible

power generation. Bioresour. Technol. 2014, 170, 211–220. [CrossRef]
19. Hahn, H.; Hartmann, K.; Bühle, L.; Wachendorf, M. Comparative life cycle assessment of biogas plant configurations for a

demand oriented biogas supply for flexible power generation. Bioresour. Technol. 2015, 179, 348–358. [CrossRef]
20. Hahn, H.; Krautkremer, B.; Hartmann, K.; Wachendorf, M. Review of concepts for a demand-driven biogas supply for flexible

power generation. Renew. Sustain. Energy Rev. 2014, 29, 383–393. [CrossRef]
21. Zehir, M.A.; Bagriyanik, M. Demand Side Management by controlling refrigerators and its effects on consumers. Energy Convers.

Manag. 2012, 64, 238–244. [CrossRef]
22. Wang, P.; Du, E.; Zhang, N.; Xu, X.; Gao, Y. Power system planning with high renewable energy penetration considering demand

response. Glob. Energy Interconnect. 2021, 4, 69–80. [CrossRef]
23. Hatziargyriou, N.; Asano, H.; Iravani, R.; Marnay, C. Microgrids. IEEE Power Energy Mag. 2007, 5, 78–94. [CrossRef]
24. Denholm, P.; O’Connell, M.; Brinkman, G.; Jorgenson, J. Overgeneration from Solar Energy in California. A Field Guide to the Duck

Chart; National Renewable Energy Lab.: Golden, CO, USA, 2015.
25. Mateo, C.; Frías, P.; Cossent, R.; Sonvilla, P.; Barth, B. Overcoming the barriers that hamper a large-scale integration of solar

photovoltaic power generation in European distribution grids. Sol. Energy 2017, 153, 574–583. [CrossRef]
26. Shivashankar, S.; Mekhilef, S.; Mokhlis, H.; Karimi, M. Mitigating methods of power fluctuation of photovoltaic (PV) sources—A

review. Renew. Sustain. Energy Rev. 2016, 59, 1170–1184. [CrossRef]
27. Von Appen, J.; Braun, M.; Stetz, T.; Diwold, K.; Geibel, D. Time in the sun: The challenge of high PV penetration in the German

electric grid. IEEE Power Energy Mag. 2013, 11, 55–64. [CrossRef]
28. Ding, M.; Xu, Z.; Wang, W.; Wang, X.; Song, Y.; Chen, D. A review on China’s large-scale PV integration: Progress, challenges and

recommendations. Renew. Sustain. Energy Rev. 2016, 639, 639–652. [CrossRef]
29. Stetz, T.; Von Appen, J.; Niedermeyer, F.; Scheibner, G.; Sikora, R.; Braun, M. Twilight of the grids: The impact of distributed solar

on Germany’s energy transition. IEEE Power Energy Mag. 2015, 13, 50–61. [CrossRef]
30. Denholm, P.; Margolis, R.M. Evaluating the limits of solar photovoltaics (PV) in traditional electric power systems. Energy Policy

2007, 35, 2852–2861. [CrossRef]
31. Karimi, M.; Mokhlis, H.; Naidu, K.; Uddin, S.; Bakar, A.H.A. Photovoltaic penetration issues and impacts in distribution

network—A review. Renew. Sustain. Energy Rev. 2016, 53, 594–605. [CrossRef]
32. Idlbi, B.; Von Appen, J.; Kneiske, T.; Braun, M. Cost-Benefit Analysis of Battery Storage System for Voltage Compliance in

Distribution Grids with High Distributed Generation. Energy Procedia 2016, 215, 215–228. [CrossRef]
33. Kruse, S.; Pierie, F.; Benders, R.M.J. A Solution to More Efficient Grid Use by Intermitted Renewable Energy Sources: Applied

to Large-Scale Solar PV Plants. Ph.D. Thesis, Integrated Research on Energy Environment and Society (IREES), University of
Groningen, Groningen, The Netherlands, 2019.

34. Mahlia, T.M.I.; Saktisahdan, T.J.; Jannifar, A.; Hasan, M.H.; Matseelar, H.S.C. A review of available methods and development on
energy storage; technology update. Renew. Sustain. Energy Rev. 2014, 33, 532–545. [CrossRef]

35. Yekini Suberu, M.; Wazir Mustafa, M.; Bashir, N. Energy storage systems for renewable energy power sector integration and
mitigation of intermittency. Renew. Sustain. Energy Rev. 2014, 35, 499–514. [CrossRef]

36. Johnson, S.C.; Papageorgiou, D.J.; Harper, M.R.; Rhodes, J.D.; Hanson, K.; Webber, M.E. The economic and reliability impacts of
grid-scale storage in a high penetration renewable energy system. Adv. Appl. Energy 2021, 3, 100052. [CrossRef]

37. De Quevedo, P.M.; Allahdadian, J.; Contreras, J.; Chicco, G. Islanding in distribution systems considering wind power and
storage. Sustain. Energy Grids Netw. 2016, 51, 56–66. [CrossRef]

http://doi.org/10.1016/j.renene.2013.10.005
http://doi.org/10.1016/j.energy.2012.04.003
http://doi.org/10.1016/j.tej.2017.01.009
https://opendata.cbs.nl/statline/#/CBS/nl/navigatieScherm/thema
http://doi.org/10.1016/j.rser.2015.12.079
http://doi.org/10.1016/j.enpol.2009.07.034
http://doi.org/10.1016/j.enbuild.2012.12.039
http://doi.org/10.1016/j.rser.2012.05.043
http://doi.org/10.1016/j.renene.2020.10.003
http://doi.org/10.1016/j.biombioe.2005.11.011
http://doi.org/10.1016/j.biortech.2014.07.085
http://doi.org/10.1016/j.biortech.2014.12.007
http://doi.org/10.1016/j.rser.2013.08.085
http://doi.org/10.1016/j.enconman.2012.05.012
http://doi.org/10.1016/j.gloei.2021.03.007
http://doi.org/10.1109/MPAE.2007.376583
http://doi.org/10.1016/j.solener.2017.06.008
http://doi.org/10.1016/j.rser.2016.01.059
http://doi.org/10.1109/MPE.2012.2234407
http://doi.org/10.1016/j.rser.2015.09.009
http://doi.org/10.1109/MPE.2014.2379971
http://doi.org/10.1016/j.enpol.2006.10.014
http://doi.org/10.1016/j.rser.2015.08.042
http://doi.org/10.1016/j.egypro.2016.10.112
http://doi.org/10.1016/j.rser.2014.01.068
http://doi.org/10.1016/j.rser.2014.04.009
http://doi.org/10.1016/j.adapen.2021.100052
http://doi.org/10.1016/j.segan.2015.12.002


Energies 2021, 14, 4926 34 of 34

38. Hedström, L.; Wallmark, C.; Alvfors, P.; Rissanen, M.; Stridh, B.; Ekman, J. Description and modelling of the solar–hydrogen–
biogas-fuel cell system in GlashusEtt. J. Power Sources 2004, 131, 340–350. [CrossRef]

39. Van Meerwijk, A.J.; Benders, R.M.; Davila-Martinez, A.; Laugs, G.A. Swiss pumped hydro storage potential for Germany’s
electricity system under high penetration of intermittent renewable energy. J. Mod. Power Syst. Clean Energy 2016, 4, 542–553.
[CrossRef]

40. Benders, R.M.J. Interactive Simulation of Electricity Demand and Production; Rijksuniversiteit Groningen: Groningen,
The Netherlands, 1996.

41. Patsalides, M.; Makrides, G.; Stavrou, A.; Efthymiou, V.; Georghiou, G.E. Assessing the photovoltaic (PV) hosting capacity of
distribution grids. In Proceedings of the Mediterranean Conference on Power Generation, Transmission, Distribution and Energy
Conversion, Belgrade, Serbia, 6–9 November 2016.

42. Pierie, F.; Benders, R.M.J.; Hulzebos, H. Interview Enexis Groep, Winschoterdiep 50, 9723 AB Groningen, with Hemmo Hulzebos,
regarding local electricity grid situation. 2017.

43. Liander, Utrechtseweg 68, 6812 AH Arnhem. 2016. Available online: https://www.liander.nl/partners/datadiensten/open-
data/data (accessed on 10 August 2021).

44. European Environment Agency EEA. Renewable Energy in Europe 2016 Recent Growth and Knock-On Effects; European Environmental
Agency: Luxembourg, 2016.

45. Gevens Weerstation Eelde; KNMI: De Bilt, The Netherlands, 2016. Available online: https://projects.knmi.nl/klimatologie/
uurgegevens/selectie.cgi (accessed on 10 August 2021).

46. KNMI Handboek Waarnemingen; KNMI: De Bilt, The Netherlands, 2016.
47. Weather Data over the Last 20 Years on Solar and Wind Patterns with Increments of One Hour; KNMI: De Bilt, The Netherlands, 2016.
48. Brochure on The V90-1.8/2.0 MW 10/2015-EN; Vestas Wind Systems A/S: Aarhus, Denmark, 2016.
49. LG Solar. 280-LG-MonoX2 Monocrystalline Solar Panel; Product specifications are subject to change without prior notice. Date:

08/2015, Document: DS-S1C-L4-EN-201505; LG Electronics Australia Pty Ltd., Solar Business Group: Eastern Creek, NSW,
Australia, 2016.

50. SMA. Sunny Boy 1.5/2.5 the New Standard for Small pv Systems; SMA: Niestetal, Germany, 2016.
51. Pierie, F.; Benders, R.M.J.; Bekkering, J.; van Gemert, W.J.T.; Moll, H.C. Lessons from spatial and environmental assessment of

energy potentials for Anaerobic Digestion production systems applied to The Netherlands. Appl. Energy 2016, 176, 233–244.
[CrossRef]

52. Biogas Netzeinspeisung. Investment Costs of Biogas Installation and Its Componants, 2017.
53. EPA. Biomass Combined Heat and Power Catalog of Technologies; EPA: Washington, DC, USA, 2007.
54. EPA. Biomass Combined Heat and Power Catalog of Technologies; EPA: Washington, DC, USA, 2015.
55. IRENA. Renewable Energy Technologies: Cost Analysis Series. In Biomass for Power Generation; IRENA: Abu Dhabi, Saudi Arabia,

2012; Volume 1.
56. ECNE. Netbeheer Nederland. In Energietrends; 2014.
57. SenterNovem. Elektrische Apparatuur in Nederlandse Huishoudens Overzicht 1980–2005 Scenario’s 2010–2020; SenterNovem: Delft,

The Netherlands, 2008.
58. ECN. Energy Research Centre Netherlands; ECN: Petten, The Netherlands, 2017.
59. Eurostat. Hoeveel Verbruiken uw Elektrische Apparaten? Wat Kost u Dat? En Wat Betekent Dat Voor de CO2-Uitstoot? Eurostat:

Luxembourg, 2015.
60. Melle van, T.; Ramaekers, L.; Terlouw, W. Waarde van Slimme Netten: Welke Waarde Creëren Slimme Oplossingen in Het Distribu-

tienetwerk? ECOFYS Netherlands B.V.: Utrecht, The Netherlands, 2014.
61. Omran, W.A.; Kazerani, M.; Salama, M.M.A. Investigation of Methods for Reduction of Power Fluctuations Generated from

Large Grid-Connected Photovoltaic Systems. IEEE Trans. Energy Convers. 2011, 26, 318–327. [CrossRef]
62. Tesla. Tesla Powerwall, in House Electric Storage; Tesla: San Carlos, CA, USA, 2017.
63. Pierie, F.; van Someren, C.E.J. Energy Storage Label: A Method for Comparing Storage Systems over All Ranges; Hanzehogeschool

Groningen: Groningen, The Netherlands, 2015; Volume 1.
64. Enexis. Tarieven Nieuwe Elektriciteitsaansluiting; Enexis: Hertogenbosch, The Netherlands, 2017.
65. European Commission. Communication from the Commission to the European Parliament, the Council, the European Economic and Social

Committee and the Committee of the Regions; Energy Roadmap 2050: Brussels, Belgium, 2011.
66. European Parliament. Directive 2009/28/ec of the European Parliament and of the Council of 23 April 2009 on the Promotion of

the Use of Energy from Renewable Sources and Amending and Subsequently Repealing Directives 2001/77/EC and 2003/30/EC
2009. Directive 2009/28/EC of the European Parliament and of the Council of 23 April 2009. Off. J. Eur. Union 2009, 5, 2009.

67. Centraal Bureau voor de Statistiek. Hernieuwbare Energie in Nederland 2014; Centraal Bureau voor de Statistiek: Dutch,
The Netherlands, 2014.

68. Frontier Economics Europe. Scenarios for the Dutch Electricity Supply System 2015; Frontier Economics Europe: London, UK, 2015.
69. Raghem, M. Wind Shear Roughness Classes and Turbine Energy Production, 2015.
70. Solar Radiation Data (SODA). Helioclim-3 Archives for Free Feb. 2004 => 2006 + METEO DATA the Satellite-Derived HC3 Archives

Web Service Provides Time Series of All the Components of the Radiation over a Horizontal, Fix-Tilted and Normal Plane for the Actual
Weather Conditions as Well as Clear-Sky Conditions; Solar Radiation Data (SODA): Sophia Antipolis, France, 2017.

http://doi.org/10.1016/j.jpowsour.2003.11.094
http://doi.org/10.1007/s40565-016-0239-y
https://www.liander.nl/partners/datadiensten/open-data/data
https://www.liander.nl/partners/datadiensten/open-data/data
https://projects.knmi.nl/klimatologie/uurgegevens/selectie.cgi
https://projects.knmi.nl/klimatologie/uurgegevens/selectie.cgi
http://doi.org/10.1016/j.apenergy.2016.05.055
http://doi.org/10.1109/TEC.2010.2062515

	Introduction 
	Methods 
	System Description 
	The PowerPlan Model 
	Expressions of Results 

	Location and Renewable Technologies 
	Average Electricity Demand Municipality 
	Intermittent RE Production 
	Flexible RE Production (F-RE) 
	Demand Side Management (DSM) 
	Power Curtailment (PC) 
	Storage (ST) 
	Expansion of the Electricity Grid (GC) 

	Scenarios 
	I-RE Municipality Scenarios 
	Balancing Technology Scenarios 
	Optimization Scenarios 

	Results 
	I-RE Municipality Scenarios 
	Balancing Technology Scenarios 
	Optimization Scenarios 

	Sensitivity Analysis 
	Sensitivity of Solar Irradiance 

	Discussion 
	Conclusions 
	Further Research 
	Calculation Average Municipality in The Netherlands 
	Economic Indicators 
	RE Production Calculations 
	Scenarios 
	Sensitivity of Angle Solar PV Panels 
	References

