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Abstract: Driven by policy changes and technological advancement, wind power installations are
booming as compared to any other types of power generation. However, the increased penetration
of renewable generation in the power systems has resulted in high level of curtailment. Advanced
energy storage technologies have been increasingly scrutinized as a feasible mitigation option in
smart grids. This paper investigates the potential of mitigating wind generation curtailment via
aggregating the domestic electric storage heaters. The key findings show that aggregating domestic
thermal storages is a viable option for curtailment mitigation, but with the indispensable caution
that mitigation potential significantly saturates as the share of wind generation escalates beyond a
certain limit.

Keywords: curtailment mitigation; electric storage heaters; wind generation

1. Introduction

In the EU, the integration of wind energy in power systems is expanding because of policy-driven
targets with a total installed wind power capacity about 150 GW [1]. In 2016 alone, around 13 GW has
been added to the system, accounting for about 50% of the new capacity installation [1]. Though this is
a practical step towards a carbon-neutral power system, this must be treated carefully as the systems
have already been experiencing elevated levels of curtailment [2]. It is projected that the curtailment
level will jump from 0.4 TWh (2020) to 9.3 TWh (2030) [3].

Recently, curtailment mitigation solutions such as demand response [4–6], active network
management [7,8], network reinforcement [9,10], market rules and support schemes [11], and storage
technologies [12–17] have been investigated in literature. While each option has pros and cons, storage
technologies would be imperative to ensure a tolerable level of curtailment. The objective of options
in curtailment mitigation is to increase the system’s flexibility to accommodate the variability and
uncertainty of renewable power generation.

In this context, in order to better cope with the curtailment mitigation challenge, domestic thermal
energy storages (for space heating and domestic hot water usage) are a viable proposition as compared
to the advanced energy storage technologies such as compressed air energy storage and battery
technology. The reason is twofold; firstly, the cost of advanced energy storage systems is higher and
secondly, the systems deteriorate with continual cyclic charging and discharging. However, electric
storage heater installations are ubiquitous in the household sector in Finland. These installations
have a large thermal storage tank (with typical storage units around 300–500 L) to store hot water
during off-peak hours and could be employed to allow excess wind production. Aggregating the large
population of these storage heaters and integrating additional distributed thermal storage can provide
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extra capacity (increased power and energy limits) to accommodate large-scale renewable generation;
nonetheless, it is imperative to estimate the potential benefits and limits of this solution before making
any investment decision.

The research scope of this article is the comprehensive evaluation of curtailment mitigation
potential via aggregating customer-owned thermal storages. Using a Finnish case study, a mathematical
formulation of the proposed framework is presented to minimize the wind energy curtailment given
the total distributed thermal storage capacity in the system. To demonstrate the seasonal impact of
thermal storage selection on wind curtailment, the simulations are performed covering winter and
summer seasons. Furthermore, to account for the uncertainty and variability of wind energy, the
simulations are conducted for probable scenarios of wind generation; the results are then showcased
bounded by the confidence interval.

The remainder of this paper is organized as follows: Section 2 describes the wind generation and
space heating estimation methodologies; Section 3 introduces the framework for investigating the
curtailment mitigation potential through aggregating customer-owned thermal storages; case studies
based on the Finnish system are presented in Section 4; and Section 5 presents the closing remarks.

2. Modeling Methodologies

In this section, wind generation modeling and space heating estimation models are presented.

2.1. Wind Generation Model

In order to determine the effects of aggregating customer-owned thermal storages on wind energy
curtailment, representative wind generation time series are required to be simulated. In this paper,
time series of wind generation with varying levels of penetration in the system are obtained using a
well-known statistical approach as utilized in previous works [18,19]. This is centered on a statistical
method combining probability integral transformations and time-series modeling, thereby simulating
wind speed discrete-time data for a new group of wind turbines. In the next step, using a wind speed
time series and a wind turbines model (specifications differ for each turbine type and wind farm),
a wind generation time series is simulated.

This wind generation model is modified from work in [18] as it accounts the real wind power
installation scenarios in Finland until the beginning of 2016. The 2016 generation structure is used as a
base for the simulated scenarios which consists of an aggregate of 1008 MW of generation capacity with
377 individually modeled wind turbines with real world specifications (turbine technical information
including e.g., power curve parameters and nominal power). The model distinctly considers the
geographical spread of multiple wind farms and different wind turbines. It is assumed that the
average capacity factor for the aggregate wind generation is 0.282, which is in line with the current
experience. The wind generation is scaled for each of the considered scenarios (100 years) based on
the aggregate electricity generation in Finland during 2015, excluding imports and exports. Figure 1
presents the simulated wind generation with varying levels of penetration (10%, 30%, 50% and 70% of
total generation) in the system.
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system (From top to bottom: 10%, 30%, 50% and 70% penetration scenarios). 
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This subsection presents a 2-capacity building model, as illustrated in Figure 2, to estimate the 
space heating requirement [7]. 

It is a reasonably accurate model to derive the space heating requirement of a typical detached 
house. As presented in Figure 2, there are two distinct specific heat capacities, aC  which denotes 

the heat capacity of air, while mC  represents the thermal masses of house structures. The thermal 

capacitance, mC  is much larger than aC  and hence has a dominating role to provide thermal inertia 
and it is lumped in the mass node point, and portrays roughly the mean thermal mass temperature 
of the house. In the 2-capacity model, there are different temperature nodes, which are coupled by 
either heat conductance or by a heat capacity flow. Infiltration/exfiltration (passage of air) is 
connected between the external and indoor ambient temperatures. Therefore, it is safe to assume 
there is no warming of the infiltration air in the house structure and the air flow has the same 
temperature as the outside air. In addition, it is supposed that the windows of the houses have an 
insignificant thermal mass compared with the rest of the building envelope, whereas the space 
heating system is assumed to be convective. 
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Figure 1. Time series of the simulated wind power generation for varying level of penetration in the
system (From top to bottom: 10%, 30%, 50% and 70% penetration scenarios).

2.2. Space Heating Modeling

This subsection presents a 2-capacity building model, as illustrated in Figure 2, to estimate the
space heating requirement [7].

It is a reasonably accurate model to derive the space heating requirement of a typical detached
house. As presented in Figure 2, there are two distinct specific heat capacities, Ca which denotes
the heat capacity of air, while Cm represents the thermal masses of house structures. The thermal
capacitance, Cm is much larger than Ca and hence has a dominating role to provide thermal inertia
and it is lumped in the mass node point, and portrays roughly the mean thermal mass temperature
of the house. In the 2-capacity model, there are different temperature nodes, which are coupled by
either heat conductance or by a heat capacity flow. Infiltration/exfiltration (passage of air) is connected
between the external and indoor ambient temperatures. Therefore, it is safe to assume there is no
warming of the infiltration air in the house structure and the air flow has the same temperature as the
outside air. In addition, it is supposed that the windows of the houses have an insignificant thermal
mass compared with the rest of the building envelope, whereas the space heating system is assumed
to be convective.
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The representation of a 2-capacity building thermal model is related by first-order differential
Equations (1) and (2).

Ca
∂Ta

∂t
= He(Te − Ta) + Hm(Tm − Ta) + Hg(Tg − Ta) + Hx(Tx − Ta) + Qsh

t (1)

Cm
∂Tm

∂t
= Hm(Ta − Tm) + Hy(Te − Tm) (2)

The above Equations (1) and (2) can be transformed into an approximately equivalent discrete
time model and can be solved for unknown indoor ambient and thermal mass temperatures Ta and
Tm respectively. The exact solution for the above differential equation is given by (3) and (4).

Ta
t =

a12b2 − a22b1

a12a21 − a11a22
(3)

Tm
t =

a21b1 − a11b2

a12a21 − a11a22
(4)

where,

a11 = 1 +
∆t
Ca

(
He + Hm + Hg + Hx

)
(5)

a12 = −∆t
Ca

Hm (6)

a21 = −∆Hm (7)

a22 = 1 +
∆t
Cm

(
Hm + Hy

)
(8)

b1 = Ta
t−1 +

∆t
Ca

[
HeTe

t + HgTg
t + HxTx

t + Qsh
t

]
(9)

b2 = Tm
t−1 +

∆t
Cm

HeTe
t (10)

The thermal model parameters were identified by abating the difference between the reference
step response obtained from IDA (Dynamic multi-zone simulation environment for the study of
buildings thermal indoor climate. http://www.equa.se/en/ida-ice) and the 2-capacity building model
step-response. The optimal combination of the above model parameters was obtained via the classical
search technique.

3. Framework

This section presents the framework enabling the quantification of thermal energy storages and
their aggregated potential for mitigating the wind curtailment. Mathematically, the objective function
can be formulated as follows.

minimize WEC
WEC = ∑

t
[(Xconv

t + Xwind
t )− (Dcrit

t + Dheating
t )]

∃WEC ≥ 0, ∀t ∈ T
(11)

The first term in the objective function represents the total generation in the system, wind, and
non-renewable generation in the system, whereas the latter represents the system demand, critical and
heating demand in a given time period.

The objective function (11) is subjected to three set of constraints: thermal comfort constraints,
energy storage characterization, and those due to system constraints. They are stated and discussed in
the following.

http://www.equa.se/en/ida-ice
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Ta
t =

Ta
t−1 +

∆t
Ca

[
HmTm

t−1 + HeTe
t + HgTg

t + HxTx
t + Qsh

t

]
1 + ∆t

Ca
(Hm + He + Hg + Hx)

(12)

Tm
t =

Tm
t−1 +

∆t
Cm

(HmTa
t−1 + HyTe

t )

1 + ∆t
Cm

(Hm + Hy)
(13)

(Tset
n,t −

φn

2
) ≤ Ta

n,t ≤ (Tset
n,t +

φn

2
), ∀t ∈ T, ∀n ∈ N (14)

(SoCTS
n,t+1 − SoCTS

n,t )βn = (PTS
n,t −Qsh

n,t −Qdhw
n,t )∆t− ξn,t, ∀t ∈ T, ∀n ∈ N (15)

0 ≤ PTS
n,t ≤ PTS,max

n,t , ∀t ∈ T, ∀n ∈ N (16)

SoCTS,min
n,t ≤ SoCTS

n,t ≤ SoCTS,max
n,t (17)

ξn,t = ηnSoCTS
n,t−1, ∀t ∈ T, ∀n ∈ N (18)

Dheating
t = ∑

n
PTS

n,t , ∀t ∈ T (19)

Dcrit
t = ∑

n
Pcrit

n,t , ∀t ∈ T (20)

Pcrit
n,t + PTS

n,t ≤ υn, ∀n ∈ N, ∀t ∈ T (21)

Equations (12) and (13) are approximated versions of (3) and (4) to estimate the space heating
requirement with less computation; however, accuracy is not compromised. The constraint (14)
establishes that indoor ambient temperature remains within the predefined upper and lower
temperature limits, hence respecting the customers’ thermal comfort at all times. Constraint (15)
determines the thermal storage charging behavior. The rated charging power of energy storage
unit is bounded by (16), while (17) bounds the upper and lower limits of state of charge of energy
storage, respectively. Expression (18) calculates the energy losses of thermal storage, which depends
on efficiency of storage unit. The total demand of the flexible load group, namely, space heating
and domestic hot water, and the critical load group is determined by (19) and (20). Constraint (21)
ascertains that the total household demand remains under the demand limit dictated by the household
main fuse rating.

The above model is based on a linear programming format and can be solved using linear
programming via CPLEX solver using Matlab/GAMS interface. Figure 3 clarifies the process and
modules graphically.
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4. Case Study

The case study is based on the Finnish system. To comprehensively evaluate the potential
benefits of aggregating domestic thermal storages for wind curtailment mitigation, simulations are
conducted by varying the storage size for two different weather situations, namely winter and summer.
In addition, the problem is solved for four scenarios (10% wind, 30% wind, 50% wind, and 70% wind),
which represents the different levels of wind penetration in the system. In the basic simulation,
the purpose is to highlight the impact of seasonal variation on thermal storage capacity potential for
curtailment mitigation given varying wind penetration; therefore, a single run of wind generation is
considered. Later, we account for issues of uncertainty by solving the problem for a number of wind
simulation runs in order to determine the confidence interval bounds of the results.

4.1. Input Data Preparation

The electrical demand time series is obtained from the transmission system operator for the year
of 2015. Next, we construct the baseline of the domestic heating load by using the building model
introduced in Section 2.2. The thermal parameters of the existing building stock in Finland is obtained
from [20] while outside temperature profiles are obtained from [21]. It is to be noted that the mean
indoor ambient temperature is set to be 21 ◦C. The domestic hot water usage aggregated load is
constructed based on the typical consumption of a Finnish household [22], with the assumption that
hot water consumption is the same on a daily level and average consumption is the same per customer.
In the simulation, it is assumed that 300,000 storage heating units are presented in the system that can
be used for both space heating and domestic hot water. The parameters of the storage heating units are
set as follows: Power rating PTS,max

n = 8 kW (storage capacity = 1 day)/16 kW (otherwise) and storage
loss coefficient ηn = 1%. Since the study is conducted considering a future grids scenario, it is assumed
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that there are two million EVs in the system while their charging is uncontrolled and follows a typical
pattern as modelled in [23]. Figure 4a,b gives the time series of demand data in winter and summer
respectively.
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The generation time series is constructed by replacing the fraction of conventional generation
with wind generation penetration. The resulting system level production scenarios for winter and
summer are shown in Figure 5a,b respectively.
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4.2. Simulation Results

In this section, the impact of aggregating domestic thermal storages for curtailment mitigation is
discussed. The problem presented in the proposed framework is solved for a definite energy storage
capacity (i.e., 1 day, 2 days, and so forth) and respective energy curtailment levels are obtained. It is to
be noted that the customer-owned thermal storage is expressed as a function of days. (Where 1 day of
storage implies that the customer can store the heating demand for one typical winter day i.e., 60 kWh).

The evolution of wind curtailment in the system as a function of storage capacity for different
wind penetration rates (10%, 30%, 50% and 70%) is shown in Figure 6. As can be seen from the results,
the curtailment mitigation potential is saturated, and benefits of adding more storage beyond a certain
capacity is not useful. This trend becomes more dominant with the increase in wind penetration in the
system. For instance, in the 50% and 70% wind scenarios where wind penetration is high, the benefits
saturate after a few days of storage capacity. In addition, this can also have a substantial influence
when deciding the global optimal storage capacity. It is to be noted that the seasonal load variation
influences the curtailment rate and will consequently influence the energy storage selection. As can be
seen from Figure 6, the potential saturated quickly in summer (dotted lines) as compared to winter
(solid lines). The primary reason for this behavior is that the flexible heating load represents only a
small fraction of total load during summer.

The curtailments level obtained w.r.t thermal energy storage capacity are presented in Table 1.
It can be seen that significant levels of curtailment were present in the system even with larger storages
when a large amount of wind was hosted by the system. It is suggested that the storage capacity of
1 week will achieve the 5% curtailment level with low-to-medium penetration of wind in the system.
However, with a higher penetration of wind generation in the system, even weekly levels of storage
are inadequate. For instance, a storage capacity of three weeks is unable to achieve an under-5%
curtailment mark when the wind penetration represents 50% of total generation in the system.
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Figure 6. Changes in wind curtailment (expressed as p.u.) for different sizes of thermal storage. (Solid
line: Winter; Dotted line: Summer).

Table 1. Overview of the basic results.

Storage
Capacity

(Days)

Wind Curtailment (%)

10% Wind 30% Wind 50% Wind 70% Wind

Summer Winter Summer Winter Summer Winter Summer Winter

1 day 1.0% 1.1% 4.5% 4.6% 8.2% 8.5% 11.9% 12.4%
2 days 0.8% 0.8% 4.4% 3.9% 8.1% 7.6% 11.7% 11.4%
3 days 0.7% 0.6% 4.3% 3.6% 8.0% 7.1% 11.6% 10.9%
4 days 0.6% 0.5% 4.2% 3.2% 7.9% 6.8% 11.5% 10.6%
5 days 0.5% 0.4% 4.1% 2.9% 7.8% 6.5% 11.4% 10.3%
6 days 0.4% 0.2% 4.0% 2.8% 7.6% 6.3% 11.3% 10.1%
7 days 0.3% 0.1% 3.9% 2.6% 7.5% 6.1% 11.2% 9.9%
8 days 0.2% 0.0% 3.8% 2.5% 7.4% 5.9% 11.1% 9.8%
9 days 0.1% 0.0% 3.7% 2.4% 7.3% 5.8% 11.0% 9.6%
10 days 0.0% 0.0% 3.6% 2.3% 7.2% 5.7% 10.9% 9.6%
11 days 0.0% 0.0% 3.5% 2.2% 7.1% 5.6% 10.8% 9.5%
12 days 0.0% 0.0% 3.4% 2.1% 7.0% 5.5% 10.7% 9.4%
13 days 0.0% 0.0% 3.3% 2.1% 6.9% 5.5% 10.6% 9.3%
14 days 0.0% 0.0% 3.2% 2.0% 6.8% 5.4% 10.5% 9.3%
15 days 0.0% 0.0% 3.1% 1.9% 6.7% 5.3% 10.4% 9.2%
16 days 0.0% 0.0% 2.9% 1.9% 6.6% 5.3% 10.3% 9.1%
17 days 0.0% 0.0% 2.8% 1.8% 6.5% 5.2% 10.2% 9.1%
18 days 0.0% 0.0% 2.7% 1.7% 6.4% 5.1% 10.1% 9.0%
19 days 0.0% 0.0% 2.6% 1.6% 6.3% 5.0% 10.0% 8.9%
20 days 0.0% 0.0% 2.5% 1.6% 6.2% 5.0% 9.9% 8.8%
21 days 0.0% 0.0% 2.4% 1.5% 6.1% 4.9% 9.8% 8.8%

In the previous analysis, fixed rated power of storage was assumed, however it may vary from
installation to installation and system to system. Here a sensitivity analysis is conducted to assess
the influence of rated power of thermal storage on results. Figure 7 presents the impact of rated
input power of thermal storage on the wind curtailment during winter season assuming 30% wind
penetration. As can be seen, in this particular case, reducing the rated power to half slightly decreases
the performance. This effect becomes steadily more pronounced with larger thermal storages. On the
other hand, doubling the rated power of thermal storage would have negligible impact on curtailment.
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4.3. Economic Impacts of the Increased Storage on Wind Penetration

The wind generation revenue loss depends on the cost of curtailed renewable energy. In Finland,
the wind generation curtailment cost is 83.5 €/MWh which is based on the current feed-in tariff,
whereas the cost of adding a customer-owned thermal storage is roughly estimated to be 2–3 €/L
(i.e., approximately €1000 for adding one day of storage). Using the above cost estimates with a
discount rate of 7%, and assuming the lifetime of distributed thermal storage unit to be 20 years,
the equivalent annual discounted marginal cost of adding one day of thermal storage (300,000 units)
in the system comes out to be €5.1 million and is assumed to increase linearly. On the other hand, the
benefits (reduction in revenue loss from wind curtailment) as illustrated by Figure 8 starts to saturate
as the storage capacity increases beyond a few days. It can be seen that 2 days (when wind penetration
is 10%) and about 6 days (when wind penetration 50% or more) of storage capacity will bring optimum
benefits. The results are based on the example study and a comprehensive cost-benefit analysis, which
is beyond the scope of this work, and would determine cost-optimal thermal storage in a given system.
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Figure 8. Economic assessment of the increased thermal storage for curtailment mitigation.

4.4. Impact of Wind Uncertainty and Variability on Curtailment

The basic results presented in Figure 6 are based on a single run of the wind time series. However,
given the variability and uncertainty of wind, it is imperative to determine the confidence interval of
the observed trends. For doing so, we repeated the basic study for multiple runs and calculated the
mean path and the lower and upper confidence bounds. The approach was to calculate the 5th and
95th percentiles for each storage capacity, such that 90% of the data should be within the calculated
confidence bounds. In this context, Figure 9a–d presents the statistical analysis of the results obtained
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for 10%, 30%, 50% and 70% respectively. As can be observed, the confidence intervals serve as good
estimates of the storage capacity potential to mitigate curtailment.

Sustainability 2017, 9, 836  11 of 15 

interval of the observed trends. For doing so, we repeated the basic study for multiple runs and 
calculated the mean path and the lower and upper confidence bounds. The approach was to calculate 
the 5th and 95th percentiles for each storage capacity, such that 90% of the data should be within the 
calculated confidence bounds. In this context, Figure 9a–d presents the statistical analysis of the 
results obtained for 10%, 30%, 50% and 70% respectively. As can be observed, the confidence intervals 
serve as good estimates of the storage capacity potential to mitigate curtailment. 

 
(a) 

 
(b) 

 
(c) 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Storage Capacity (days)

0

0.5

1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

0

0.5

1
  Winter

 Summer

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Storage Capacity (days)

0

0.5

1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

0

0.5

1
  Winter

 Summer

Figure 9. Cont.



Sustainability 2017, 9, 836 12 of 15
Sustainability 2017, 9, 836  12 of 15 

 
(d) 

Figure 9. Impact of aggregating customer-owned thermal storages on curtailment (a) 10% wind (b) 
30% wind (c) 50% wind (d) 70% wind penetration in the system. (Solid line is the mean trend while 
dotted line shows 5th and 95th bounds on confidence interval). 

4.5. Optimal Thermal Storage Sizing Based on Desired Curtailment 

The impact of wind penetration in the system on the optimal storage size to achieve preferred 
curtailment level is investigated. In this sensitivity analysis, we consider only the winter season and 
determine the optimal energy capacity to reduce the curtailment to a certain level. 

The optimal thermal storage to reduce the curtailment to levels of 5%, 3% and 1% are given in 
Table 2. It can be seen that higher storage capacity is required if a low level of curtailment is desired. 
It is to be noted that with a higher level of wind penetration in the system, it is infeasible for domestic 
thermal storages to mitigate renewable curtailment to the desired level. This limitation is because 
there is a demand limit at customer premises due to the network limits; hence increasing the storage 
size without increasing the rated charging power is infeasible in these cases. 

Table 2. Optimal thermal storage sizing to mitigate curtailment w.r.t different level of wind 
penetration in the system. 

Curtailment Below 
Optimal Storage Size

10% Wind 30% Wind 50% Wind 70% Wind 
5% 1 day 2 days 30 days N/A 
3% 1 day 11 days 55 days N/A 
1% 3 days 32 days N/A N/A 

5. Conclusions 

Increased integration of wind generation in a power system will create technical challenges for 
the system operator including curtailment. Energy storage provides an opportunity to harness the 
excess production and utilize the stored energy during peak periods. This paper presents a 
framework to evaluate the potential benefits of aggregating domestic thermal storages for wind 
curtailment mitigation. The proposed framework is applied to the Finnish system considering 
multiple future scenarios of wind penetration in the system. The analysis demonstrated that 
aggregating customer-owned thermal storages presented a good opportunity to mitigate curtailment, 
however, the potential to harness excess wind production becomes saturated. The saturation trend is 
more dominant during the summer season as the low, flexible demand frequently coincides with a 
high generation period. Furthermore, it is observed that as the share of wind generation in the system 
soars beyond a certain level (30% in this case), the flexibility to reduce curtailment via customer-
owned thermal storages diminishes rapidly. Therefore, the technological development of large-scale 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Storage Capacity (days)

0

0.5

1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

0

0.5

1

 Summer

  Winter

Figure 9. Impact of aggregating customer-owned thermal storages on curtailment (a) 10% wind
(b) 30% wind (c) 50% wind (d) 70% wind penetration in the system. (Solid line is the mean trend while
dotted line shows 5th and 95th bounds on confidence interval).

4.5. Optimal Thermal Storage Sizing Based on Desired Curtailment

The impact of wind penetration in the system on the optimal storage size to achieve preferred
curtailment level is investigated. In this sensitivity analysis, we consider only the winter season and
determine the optimal energy capacity to reduce the curtailment to a certain level.

The optimal thermal storage to reduce the curtailment to levels of 5%, 3% and 1% are given in
Table 2. It can be seen that higher storage capacity is required if a low level of curtailment is desired.
It is to be noted that with a higher level of wind penetration in the system, it is infeasible for domestic
thermal storages to mitigate renewable curtailment to the desired level. This limitation is because there
is a demand limit at customer premises due to the network limits; hence increasing the storage size
without increasing the rated charging power is infeasible in these cases.

Table 2. Optimal thermal storage sizing to mitigate curtailment w.r.t different level of wind penetration
in the system.

Curtailment
Below

Optimal Storage Size

10% Wind 30% Wind 50% Wind 70% Wind

5% 1 day 2 days 30 days N/A
3% 1 day 11 days 55 days N/A
1% 3 days 32 days N/A N/A

5. Conclusions

Increased integration of wind generation in a power system will create technical challenges
for the system operator including curtailment. Energy storage provides an opportunity to harness
the excess production and utilize the stored energy during peak periods. This paper presents a
framework to evaluate the potential benefits of aggregating domestic thermal storages for wind
curtailment mitigation. The proposed framework is applied to the Finnish system considering multiple
future scenarios of wind penetration in the system. The analysis demonstrated that aggregating
customer-owned thermal storages presented a good opportunity to mitigate curtailment, however,
the potential to harness excess wind production becomes saturated. The saturation trend is more
dominant during the summer season as the low, flexible demand frequently coincides with a
high generation period. Furthermore, it is observed that as the share of wind generation in the
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system soars beyond a certain level (30% in this case), the flexibility to reduce curtailment via
customer-owned thermal storages diminishes rapidly. Therefore, the technological development
of large-scale centralized storage and collaboration with distributed energy resources is critical to
mitigate renewable curtailment in future smart grids.
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Nomenclature

Indices and Sets
n, N Index and set of customers
t, T Index and set of time e.g., hours
Parameters and Constants
Ca Heat capacity of the indoor air (MJ/◦C)
Cm Heat capacity of the building fabric (MJ/◦C)
He Summation of the infiltration heat capacity flow and house’s window heat conductance (W/◦C)
Hg Floor heat conductance (W/◦C)
Hm Thermal conductance which allows Cm to be lumped in the mass node point (W/◦C)
Hx Ventilation air heat conductance (W/◦C)
Hy Heat conductance in the solid walls and convection of surface (W/◦C)
PTS,max

n Power rating of thermal storage (kW)
Pcrit

n,t Power of all critical appliances at time t of customer n (kW)
Qdhw

n,t Domestic hot water consumption of customer n at time t
SoCTS,max

n Maximum allowable state of charge of thermal storage (of customer n)
SoCTS,min

n Minimum allowable state of charge of thermal storage (of customer n)
Tset

n,t Set point temperature of dwelling at time t (of customer n) (◦C)
Te

t Outside temperature at time t (◦C)
Tg

t Ground temperature at time t (◦C)
Tx

t Ventilation supply air temperature (◦C)
Xwind

t Wind generation at time t (kW)
Xconv

t Conventional generation at time t (kW)
βn Maximum thermal storage capacity (of customer n) (kWh)
∆t Duration of time slot (hours)
ηn Storage loss coefficient (of customer n)
υn Demand limit (kW)
φn Internal temperature dead-band (of customer n) (◦C)
Functions and Variables
Dcrit

t Critical demand at time t (kW)

Dheating
t Heating demand at time t (kW)

PTS
n,t Electrical power supplied to storage space heating unit at time t (of customer n) (kW)

Qsh
n,t HVAC thermal output power at time t (of customer n) (kW)

SoCn,t State of charge of thermal storage at time t (of customer n)
Ta

n,t Indoor ambient temperature of dwelling at time t (of customer n) (◦C)
Tm

t Thermal mass temperature at time t (◦C)
ξn,t Storage thermal losses at time t (of customer n) (kWh)
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