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1. Introduction 

1.1 Background 

Worldwide energy production is increasing and is dominated by fossil fuels: in 
2014, they accounted for 81.1% of the total primary energy supply, which has 
more than doubled since 1973 [1]. The concomitant growing global CO2 emis-
sions [2] will need to start declining in the short term to allow for holding the 
global temperature increase to below 2 °C compared to pre-industrial levels [3]. 
This is the goal of the Paris Agreement [3], which has recently entered into force 
[4]. 

According to recent scenarios by the IEA (International Energy Agency), key 
worldwide measures to achieve this goal are increasing energy efficiency and 
replacing fossil fuel–based energy production with low-emission production, 
such as wind, solar, and nuclear energy [5]. By 2050, a 40% share of variable 
renewable energy (VRE) in electricity production is envisioned, with the total 
share of renewable electricity at 63% [5]. Electrification of heating and cooling 
is also used to enable a 40% renewable share in heating and cooling, as well as 
a major increase in the use of electric and plug-in hybrid electric vehicles to re-
duce transportation emissions [5]. An IEA carbon-neutral energy scenario for 
the Nordic countries also includes an increase of wind generation to 30% of Nor-
dic electricity generation by 2050 [6]. Large-scale VRE schemes are also 
planned in many countries, including Denmark [7,8] and Germany [9]. 

Large-scale use of VRE in electricity production requires increasing flexibility 
in power systems. This is because VRE production is variable and uncertain as 
it depends directly on weather, and the production and consumption of energy 
in power systems have to be approximately equal constantly. VRE penetration 
in the order of 5‒10% of annual production is not a significant challenge and 
only requires adhering to some basic principles, such as avoiding uncontrolled 
local VRE plant concentrations [10]. Flexibility requirements increase dramati-
cally as the VRE share increases to above 30% [11]; this has already happened 
in Denmark and is planned in other areas in the aforementioned scenarios and 
policies. Moreover, subsidized low marginal cost VRE has already lowered elec-
tricity market prices [12,13], lowering the incentive to invest in power plants, 
and is putting pressure on existing production assets [12]. Hence, flexibility is 
already in high demand in electricity markets today. 

Flexibility sources in power systems can be classified to supply side flexibility, 
demand side management, energy storage, and interconnections [14]. In addi-
tion, the conversion of electricity to thermal energy or fuels can offer significant 
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additional flexibility [15]. The increasing flexibility requirements due to VRE 
warrant searching for enhanced flexibility in all sources, also in electricity de-
mand, which is the topic of this thesis. Even in the Nordic countries with a large 
share of hydropower, a combination of all the flexibility sources will be required 
to reach the aforementioned scenario [6]. 

1.2 Objectives and scope 

The purpose of this thesis is to shed light on the technical and economic poten-
tial of demand side flexibility for managing the variability of VRE production. 
To this end, three new mathematical models are presented, each one capable of 
solving optimal control of the flexibility sources and therefore able to provide 
results on their full potential. Case studies with the models with data from Fin-
land and Sweden are also presented. Demand side flexibility comprises ways to 
control electricity consumption at the system level and includes power-to-heat 
and power-to-fuels conversion, electrical storage, and electric vehicles, in addi-
tion to demand side management. Hence, it considers not only electricity but 
also connects the other energy consumption areas for power system flexibility 
provision, namely heat, fuels, and transport. 

The demand side flexibility technologies considered in the models are heat 
pumps and electric boilers in building heating and power-to-heat conversion in 
district heating, water tank thermal energy storage, Li-ion batteries, refrigera-
tion, wet appliances, and electric vehicles. 

The reasons for choosing these technologies are briefly as follows. Electric 
heating and cooling with vapor compression devices, as well as electric vehicles, 
is in line with energy efficiency and electrification targets [5]. Moreover, heat 
pumps are rapidly growing their market share [16,17], and significant growth is 
expected for electric vehicles [18]. Power-to-heat with heat pumps (coefficient 
of performance COP ≈ 2‒5) or boilers (efficiency η ≈ 1) [19] is attractive com-
pared to power-to-gas with electrolysis (η ≈ 80‒85% at best [20]). Water tank 
TES can provide low-cost energy storage [21,22]. Li-ion batteries have high ef-
ficiency, good energy density, and a low self-discharge rate [22]. Their cost is 
decreasing and they dominate the electric vehicle battery market [23]. Load 
shifting with wet appliances can provide lossless flexibility [24] with a limited 
effect to the user’s activities. 

The main research questions can be summarized as: 
1. What are the achievable cost savings and grid feed-in reduction with 

cost-optimal control or self-consumption maximizing rule-based con-
trol of a heat pump with thermal storage, batteries, and shiftable ap-
pliances in a building with photovoltaics (PV)? What is the resulting 
effect on energy efficiency? 

2. To what extent can power-to-heat with heat pumps, electric boilers, 
and thermal storage in district heating, and shiftable loads in distrib-
uted electric heating, refrigeration, and wet appliances contribute to 
matching PV and wind production and electricity consumption in an 
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urban area? Is cost-optimal control of the resources economical in 
terms of net cash flow and net present value? 

3. What are the achievable cost savings and reduction in annual bought 
and sold electricity with cost-optimal heat pump space heating and 
electric vehicle charging or vehicle-to-grid in 1‒10 net zero energy 
houses with PV? What is the effect of battery degradation on the utility 
of vehicle-to-grid? 

Each research question is answered with a journal article: Publication 2 treats 
the first question, Publication 3 the second, and Publication 4 the third. The 
contributions are combined in this summary. 

1.3 Thesis outline 

This thesis is structured as follows. Chapter 1 presents the general background 
of the topic and the objectives of this work. Chapter 2 provides a concise over-
view of energy systems and flexibility sources in power systems, focusing on the 
flexibility sources studied in this thesis. Chapter 3 presents the new models de-
veloped in this work, without data specific to case studies. The results of the case 
studies and the data used in them are presented in Chapter 4. Finally, Chapter 
5 summarizes and concludes the thesis and presents an outlook on future work. 
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2. Energy systems and power system 
flexibility 

This chapter presents an overview on energy systems and flexibility in power 
systems, focusing mostly on the flexibility sources studied in this thesis. 

2.1 Energy systems 

Energy systems comprise the production, conversion, and distribution of energy 
from primary energy resources to end users. Energy is distributed in the form 
of energy carriers: electricity, fuels, and heat. Electricity is distributed with 
power systems, heat with district heat networks, and fuels with transport vehi-
cles and pipelines, such as those for natural gas. District heat networks are par-
ticularly well-suited for urban areas, as they are more competitive when the den-
sity of heat consumption is high [25]. Primary energy sources are converted to 
energy carriers in power plants and fuel refineries. 

Heating and cooling in buildings and industry and transportation form the 
majority of final energy consumption worldwide today: as of 2012, the share of 
heating and cooling was 44% and transportation was 27% [5]. Electricity covers 
18.1% of the total final consumption [1], with most of the rest covered by fossil 
fuels, biofuels, and waste. Fossil fuels dominate electricity production at present 
as well (67%), with 33% from nuclear power, hydropower, and other renewables 
[1]. Hence, the most prominent way to produce electricity is with thermal power 
plants from fossil and nuclear fuels. In combined heat and power (CHP) plants, 
the waste heat from this thermal electricity production is used for heating. CHP 
production in district heating can increase energy efficiency by approximately 
30% compared to producing electricity and heat separately [25]. 

2.2 Power system flexibility (Publication 1) 

Flexibility sources in power systems can be classified to supply side flexibility, 
demand side management, energy storage, and interconnections [14]. In addi-
tion, the conversion of electricity to thermal energy or fuels can offer significant 
additional flexibility [15]. Conventionally, dispatchable power plants have been 
the most important source of flexibility to balance the variability and uncer-
tainty in demand, with the other sources in use to some extent as well [14].  
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Publication 1 presents a broad review of flexibility measures for large-scale use 
of VRE. Reviews on flexibility measures had been presented before Publication 
1, but they are narrower in scope (e.g., focused only on the demand side [26,27], 
storage [28], or electric vehicles [29]). The following chapters present a concise 
review of the flexibility measures investigated in the original publications in this 
dissertation. 

2.2.1 Demand side management 

Demand side management comprises many methods to control end-use elec-
tricity consumption by reducing (peak shaving, conservation), increasing (val-
ley filling, load growth), or rescheduling the demand (load shifting) [30]. Load 
shifting is beneficial compared to other DSM categories, as it can be realized 
without compromising the service offered by the load or increasing the total en-
ergy consumption. It requires some intermediate storage in the process pow-
ered by the load [31] and the possibility to both increase and decrease the load 
(utilization rate < 100%) [32]. 

 

 

Figure 1. Demand side management categories [30]. Reproduced with permission from Publica-
tion 1. Copyright 2015 Elsevier. 

It is useful to investigate the potential of DSM in a top-down fashion to under-
stand its importance for providing flexibility required for VRE integration.  
These studies have typically been done at the country level (or occasionally at 
the state level), having been undertaken in Germany [32–36], Finland [37,38], 
Ireland [39], California [40,41], and Switzerland [42], among others. Data from 
Finland is presented here as an example, as power capacities normalized to the 
annual peak load in Finland [43]. 

The majority of the technical DSM potential is in electric heating, at 23‒29% 
of the peak load [37]. Households can provide an additional 2.6% with wet and 
cold appliances [37]. The industry sector consumes around half of all electricity 
in Finland [44], and the following estimates for the technical DSM potential in 
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industrial loads have been presented [38]: grinderies in the pulp and paper in-
dustry, 6% of the total peak load; electrolysis, electric arc furnaces, and rolling 
mills in the metal industry, 2%; electrolysis, extruders, and compressors in the 
chemical industry, 1%; mills in cement, lime, and gypsum production, 0.04%. 
Some of the DSM capacity of the industrial loads has already been contracted as 
disturbance reserve to the Finnish TSO (transmission system operator) [38]. 

The DSM potential in the service sector in Finland has not been quantified to 
the best of the author’s knowledge, but a significant capacity can be expected in 
commercial refrigeration as well as in HVAC systems, based on results obtained 
in Germany [32,36]. 

As the aforementioned values are full capacities normalized to the peak load, 
they carry no information about dynamic effects relevant to VRE integration, 
such as the dynamics of the loads, VRE generation, or electricity prices. These 
effects and the resulting actual DSM potential with VRE have been studied with 
field tests and modeling studies [45–85]. The results show an average 20% cost 
reduction and a 10‒20% increase in VRE consumption due to DSM (in some 
cases combined with energy storage). The original papers in this dissertation 
contribute new modeling results to this part of the literature. 

2.2.2 Electrical energy storage 

The basic principle of electrical energy storage is converting electricity to an in-
termediate form, such as gravitational potential or electrochemical energy, and 
then back to electricity. The conversion processes always have some loss. Elec-
trical storages are technically excellent for VRE balancing, as they both consume 
and produce electricity, allowing for the effective shifting of surplus VRE pro-
duction to periods with deficit. This contrasts with power-to-X strategies, which 
include a loss of energy quality. 

Typical electrical round-trip efficiencies for prominent storage technologies 
are around 65‒85% for pumped hydro energy storage (PHES) [86–89], 70‒92% 
for lead-acid batteries [22], 95% for Li-ion batteries [90], and 35‒50% for hy-
drogen storage [91,92]. Flywheels have a high efficiency (90%), but also a very 
high self-discharge rate, at around 20% of the stored capacity per hour [93], so 
they are useful for short-term storage, such as frequency regulation. For com-
pressed air energy storage (CAES), the electrical round-trip efficiency can be 
defined in several ways [94], and the following values have been reported: 25‒
45% [94], 77‒89% [95], and 70‒80% for an adiabatic CAES with heat storage 
[94]. PHES is the most mature of the main storage technologies, and it provides 
over 99% of electrical energy storage worldwide [96]. 

Electrical energy storage technologies are available in a wide range of power 
capacities and energy capacities (discharge times), as shown in Figure 2. Hence, 
in principle, the VRE balancing challenge could be completely solved with ap-
propriate use of electrical storage technologies. However, the required volumes 
for PHES or CAES become very large at large-scale VRE use [97]. For batteries, 
high costs are a critical barrier [98], but the cost of Li-ion batteries has de-
creased rapidly in recent years, for example [23]. Batteries have already been 
reported as profitable investments if they provide multiple services, such as PV 
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self-consumption combined with time-of-use optimization, peak load reduc-
tion, and several grid ancillary services in San Francisco, USA [99]. Increases in 
lithium production will be required for large-scale use of Li-ion batteries, but 
some battery chemistries are more scalable [98]. An interesting possibility is to 
use second-life batteries from electric vehicles, which have degraded in capacity 
too much to serve in the vehicle application but can be used for energy system 
flexibility [100]. 

 

 

Figure 2. Power and discharge time of some electrical energy storage technologies [101–103]. 
Reproduced with permission from Publication 1. Copyright 2015 Elsevier. 

The electrical energy storage technology considered in the original papers in 
this dissertation is Li-ion batteries. They are studied as a stationary installation 
(in a building) in Publication 2 and as electric vehicle batteries in Publication 4. 
They were chosen because of their high efficiency, good energy density, low self-
discharge rate [22], rapidly decreasing cost [23], and because they dominate the 
electric vehicle battery market at present [23]. 
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2.2.3 Electric vehicle charging and vehicle-to-grid 

Plug-in electric vehicles (PEV) are marginal at the moment: 180 000 vehicles or 
0.02% of the total passenger car stock were in use worldwide in 2012 [18]. How-
ever, significant growth in their market share is foreseen in the following dec-
ades, to 20 million vehicles by 2050 [18]. 

Charging the growing number of PEVs is both a challenge and an opportunity 
for energy systems. As the vehicles are a significant additional load to the grid 
[104], uncoordinated charging can bring adverse effects, such as power losses 
and voltage deviations [104–106]. Fortunately for energy systems, vehicles are 
parked most of the time, which makes them potentially available for load shift-
ing with smart charging (SC) schemes [104]. This flexibility can be leveraged to 
avoid overloading power systems, to increase battery lifetime by avoiding high 
SOC (state of charge) values [107], and to provide flexibility for balancing VRE 
production as well as other flexibility provision, such as ancillary services 
[104,108]. 

Vehicle-to-grid (V2G) augments SC with discharging vehicle batteries to the 
grid. This makes PEVs distributed energy storages, which have high potential to 
balance VRE generation or act as peak power generators [109]. However, con-
trary to shifting the PEV charging time with SC, V2G increases battery cycling, 
which decreases battery lifetime [104]. Publication 4 studies both SC and V2G, 
including the effect on battery lifetime. 

2.2.4 Electricity conversion to other energy carriers (power-to-X) 

Traditionally, the different energy carriers (electricity, fuels, heat) have been 
transported separately, without conversion between them. An interesting way 
to provide flexibility to power systems for VRE integration is through intersec-
toral integration, which means converting electricity to heat or fuels, called 
power-to-X (P2X). In addition to using excess VRE production, P2X solutions 
could provide other flexibility services to energy systems. 

In power-to-heat (P2H) schemes, electricity is converted to heat or cooling, 
replacing production in some other way. If the replaced source is conventional 
fossil fuels, emissions are reduced. Mature technologies are available for heat-
ing, namely electric boilers (efficiency η ≈ 1) and heat pumps (coefficient of per-
formance COP ≈ 2‒5) [19]. Heat pumps can also provide cooling [110], or sepa-
rate refrigerators can be used. As the demand for heating and cooling dominates 
the final energy use [1], the potential for P2H is large. P2H can also increase 
energy efficiency, with heat pumps, for example, and can provide electrification 
of heating and cooling required in climate change mitigation scenarios [5]. 
Moreover, additional flexibility can be provided by storing the product in ther-
mal storages, such as stratified water tanks [25,111,112], which are cheap com-
pared to electrical energy storages [113]. P2H solutions can be economical 
[114,115]. Heat pumps with thermal storage have been found to be especially 
beneficial, with high potential for CO2 emission and fossil fuel use reduction 
more cost-effectively than other energy storage schemes [19]. The IEA carbon-
neutral energy scenario for the Nordic countries sees P2H as a central demand 
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flexibility measure and projects a 40% share of district heat to it by 2050 [6]. 
Large heat pumps in district heating systems have also been found the most ef-
ficient and economical solution in balancing excess VRE production in a study 
of Finland [116]. 

Power-to-gas (P2G) schemes convert electricity to hydrogen by electrolysis  
[19] at η ≈ 80‒85% at best [20]. Solar energy can also be converted to hydrogen 
directly with photoelectrolysis [117]. In addition to employing hydrogen as elec-
trical energy storage by converting it back to electricity in fuel cells [92], hydro-
gen can be further converted with CO2 to methane, methanol, or syngas [19]. 
Hydrogen can also be mixed with natural gas without significant effects on 
burning if the mixture contains less than 10% hydrogen [118]. Hydrogen could 
also be transported to some extent in natural gas networks [119]. Direct electro-
chemical conversion of CO2 with electricity to ethanol has also been demon-
strated recently [120]. 

Publication 3 in this dissertation studies P2H in district heating systems with 
heat pumps and electric boilers in urban district heating networks. P2H is more 
attractive than P2G in terms of the efficiency of electric boilers or heat pumps 
compared to the efficiency of electrolysis, as well as in terms of environmental 
impact reductions [19]. 

2.2.5 Supply side flexibility 

Control of dispatchable power plants is the conventional way to provide flexibil-
ity in power systems. The dispatchable plants can be divided into three catego-
ries based on their flexibility [113]: base load, load-following, and peaking power 
plants. Base load plants, such as coal and nuclear plants, are run at almost con-
stant (preferably nominal) power because they are capital intensive, and there 
may also be technical limits for ramping or shutdown. Peaking power plants are 
used during high demand. Load-following plants (e.g., hydropower and gas tur-
bines) follow the diurnal load changes. Load-following and peaking power 
plants are less capital intensive than base load plants and have faster start and 
ramping responses. 

The efficiency of flexible gas turbines can be increased with combined gas and 
steam cycles [121], offering ramping rates of 10 MW per minute [14] and effi-
ciencies of up to 60% [122,123]. Combined heat and power (CHP) production 
offers high total efficiency, at more than 80% [124,125], and combining different 
technologies (i.e., gas engines, heat pumps, heat storage, and gas and electric 
boilers) in a CHP plant could increase the flexibility of CHP production [126–
131]. 

VRE plants can also provide flexibility through curtailment. It may be neces-
sary due to network constraints, excess generation, or security reasons, and may 
also be used to manipulate market prices [132]. While production is always lost 
upon curtailment, the relative energy loss is less than the relative power cur-
tailed because the capacity factor of VRE is much less than 1. Moreover, VRE 
plants with inverters can provide faster frequency regulation than conventional, 
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mechanical governor–based regulation [133]. Some VRE curtailment is benefi-
cial to energy systems, as the investments to other flexibility measures or grid 
capacity to avoid curtailment may be too expensive [132]. 

2.2.6 Power system infrastructure 

Power system flexibility for VRE integration requires a sufficient transmission 
capacity for geographic smoothing of VRE [134,135], as well as for the dispatch 
of flexibility resources from different locations and the economically optimal 
use of energy resources through well-functioning markets. For example, energy 
storage tied to the operation of a single plant has less utility for the whole system 
than storage as a system-level flexibility resource, unless transmission upgrades 
from a remote VRE resource are avoided with the storage [96] or if significant 
other benefits are gained by integrating the storage to a single plant. 

Smart grids (power grids with intelligent connections among energy produc-
ers, consumers, and network companies) [136], implemented with communica-
tion, automation, and metering technologies, are seen as a key development for 
VRE integration. Supergrids [137], strong transmission line networks typically 
with high-voltage DC technology, are also envisioned to facilitate large-scale 
VRE integration (e.g., connecting large solar and wind farms in North Africa to 
Europe) [138]. 

Another power system infrastructure development proposed as a solution for 
VRE integration is microgrids [139]. They are local grids with production, con-
sumption, and possibly storage. They can operate both as parts of the larger 
grid, and in islanded mode during disturbances. Publication 4 in this disserta-
tion studies the benefits of operating flexible net zero energy houses in a mi-
crogrid.
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3. Methods 

This chapter presents the new models developed in this work. 

3.1 Optimal and rule-based control of thermal and electric stor-
age and shiftable loads in a building with PV (Publication 2) 

Rooftop installations represent a major share of the rapidly growing global PV 
capacity: the total increase was 29% to 229 GW in 2015, of which 36% was from 
rooftop installations [140]. In previous years, the majority of new capacity was 
on rooftops, e.g. 66% in Europe in 2013 [141]. Rooftop PV installations can em-
ploy flexibility sources in building energy systems to manage the variability and 
uncertainty of the PV production. This can benefit the prosumer through in-
creased self-consumption of PV incentivized in many markets [142] and price-
responsive grid interaction; it can also benefit the whole energy system through 
control over the PV feed-in. 

Publication 2 presents a simulation model for quantifying the flexibility of 
thermal storage (TES) in heating, electrical storage, and shiftable loads in a 
building with PV. Cost-optimal control with given prices for bought and sold 
electricity and rule-based control to maximize PV self-consumption are consid-
ered. The flexibility and its effect on cost and energy efficiency is quantified with 
annual cost, grid feed-in, and electricity balance (total annual PV production 
subtracted by total annual electricity consumption). 

The specific technologies considered are a ground-source heat pump (GSHP) 
with an auxiliary resistance heater, water tank TES, and Li-ion batteries. The 
shiftable loads depend on the case building. Heat pumps can provide energy-
efficient heating and are increasing their market share [16], with 66.3 GW of 
thermal capacity and 10% annual growth in 2014 [17]. While air-source heat 
pumps (ASHP) dominate European heat pump sales [17], a GSHP is considered 
here for its lower dependency on outside temperature. Water tank TES can pro-
vide low-cost energy storage [21,22], and the cost of Li-ion batteries is decreas-
ing rapidly [23]. Shiftable loads can provide lossless flexibility [24] with a lim-
ited effect on the activities in the building. 

There is ample literature on shiftable loads and storage with PV in buildings. 
Contrary to many studies that present results over a short time (e.g., days or 
weeks [143,144]), this model has been developed for and tested with simulations 
over a complete year at hourly time resolution. Thus, the studied system and 
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model can manage the seasonal and inter-day variations in real-world opera-
tion. Several studies with a comparable time horizon have also been done on 
optimal or rule-based control of thermal storage [47,145–147], batteries 
[100,148,149], or shiftable loads [53,150,151] in buildings with PV. However, 
such a model combining the three flexibility sources had not been presented 
before Publication 2. Moreover, both variable and fixed condensing modes of a 
GSHP were included for the first time in such a model in Publication 2. 

The model is applicable for any condition, and it can be readily modified to 
study an air-to-water heat pump or electric boiler instead of the GSHP, as well 
as battery technologies other than Li-ion. It can also serve as a basis for model-
ing building clusters with controlled simplifications or restrictions in a bottom-
up fashion, or for development of a model predictive controller for an actual 
physical system. 

3.1.1 System model 

The model includes all the considered flexibility sources connected to the space 
heating, hot water, and electricity demands in the building. All of them are con-
nected electrically to the AC bus of the building along with the PV inverter, and 
there is a bi-directional grid connection to the external power system. Figure 3 
presents the components of the system model and the energy flows and con-
trolled devices. 

The model is designed for simulations at an hourly time resolution because of 
data availability, mathematical tractability, and computational efficiency. 
Therefore, the input and output data correspond to hourly averages, and hourly 
net metering is modeled in the billing. 

 

 

Figure 3. The components of the system model and the energy flows and controlled devices. 
Reproduced with permission from Publication 2. Copyright 2016 Elsevier. 

Heating system model 
The heating system comprises a ground-source heat pump (compressor power 
Pcomp) with an auxiliary electric resistance heater (power Pheater), domestic hot 
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water (DHW) storage, hydronic radiator system, and an optional TES with a 
heat exchanger for DHW pre-heating. The mathematical model is based on en-
ergy and mass balances. Figure 4 presents the heating system model with pow-
ers, temperatures, and mass flows. 

 

 

Figure 4. The heating system model with the powers (P), temperatures (T), and mass flows ( ). 
Reproduced with permission from Publication 2. Copyright 2016 Elsevier. 

The GSHP can be operated in either fixed or variable condensing. In fixed con-
densing, the GSHP circuit is connected directly to the TES. DHW is preheated 
in the TES and then heated to the required set point, TDHW, with the electric 
heater in the DHW storage (power PDHW, heater). The heat pump cannot heat 
DHW in fixed condensing if no TES is used. In variable condensing, GSHP heat-
ing alternates between space heating and DHW heating to optimize the coeffi-
cient of performance (COP) of the GSHP using a three-way valve, as space heat-
ing often requires a lower temperature than DHW. Variable condensing can also 
increase the flexibility obtained from the TES without compromising energy ef-
ficiency, as it allows for DHW heating with the heat pump while the TES tem-
perature is lower than the DHW temperature. 

The COP of the GSHP is modeled with a Carnot cycle model [152], with the 
Carnot efficiency parameter to model cycle nonideality at the typical value ηCa = 
0.55 [152], and the heat exchanger temperature drops: δTE = δTC = 5 °C [153]. 
The following energy balance is obtained at the condenser of the heat pump: 

  (1) 

where TC and TS are the condenser and storage temperatures, TE is the temper-
ature of the heat transfer fluid from the borehole,  is the condenser mass flow, 
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and cP is the specific heat of water at constant pressure. TC is limited below 65 
°C, as in current commercial devices [154–156]. Similar energy balances are ob-
tained for the auxiliary electric heater of the GSHP and the radiator heating sys-
tem, neglecting the radiator dynamics, which is fast compared to the hourly time 
resolution [157]. The supply temperature of the hydronic system TI is obtained 
from case-specific supply curves and sets a limit for minimum TES temperature 
when space heating is needed. The return temperature TR can be input data or 
can be assumed to stay constant with inverter-controlled circulation pumps in 
the hydronic heating circuit. 

The TES is modeled with a 1-node model [158,159] for reasonable computa-
tion times with the dynamic programming (DP) algorithm, resulting in the fol-
lowing system equation: 

 

 

(2) 

where mS is TES mass and  is the mass flow to the TES in the hydronic cir-
cuit. The TES losses to the ambient inside air (temperature Ta) are obtained with 
the areas A and U-values for the top and bottom of the TES. The U-values were 
calculated with equivalent thermal circuits [160] for 10 cm polyurethane insu-
lation and steel walls.   is the mass flow of DHW through the heat ex-
changer in the TES, modeled with constant effectiveness, εHE = 0.9, and TCW is 
the cold domestic water temperature. TS is limited below 95 °C to prevent boil-
ing. Modeling the TES as fully mixed with the 1-node model results in conserva-
tive performance with a heat pump compared to a stratified TES. 

Stability of the 1-node model [161] limits the maximum mass flow and requires 
a short enough integration time step for a given TES mass. Alternating between 
space heating and DHW heating in the variable condensing mode is simulated 
inside the 1-hour time step by integrating the system with instantaneous com-
pressor powers and integration time steps so that the required hourly average 
powers are delivered. 

Electrical system model 
All the electrical appliances are connected to the AC bus of the building. Bi-di-
rectional grid interaction is allowed, limited by the design grid connection ca-
pacity. The PV-battery system is AC-coupled [162], which brings more flexibility 
to changing components compared to DC coupling with a single inverter for 
both PV and battery. The battery inverter is bidirectional to allow for arbitrage. 

 

 

Figure 5. The layout of the modeled electrical system. Reproduced with permission from Publi-
cation 2. Copyright 2016 Elsevier. 
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The Li-ion battery is modeled with a simple energy storage model to limit the 
number of dimensions in the optimal control calculation. The battery round-
trip efficiency is 0.95 [90] and unidirectional efficiency of the battery inverter is 
0.9 [163]. The self-discharge of Li-ion batteries is negligible compared to the 
round-trip efficiency, at only 3‒5% per month [164]. Battery aging is neglected 
in the model. 

The electricity use of appliances in the building is divided into constant and 
shiftable parts. The constant part is input time series data to the model. The 
shiftable appliances (e.g., washing machines and dishwashers) are modeled 
with a single demand cycle for computational efficiency in optimal control. The 
demand cycle can be, for example, the average of all the appliances in the build-
ing. In addition to the demand cycle, the model requires the number of shiftable 
appliances and original starting times of the shiftable appliances as input data. 
The model counts the runs of shiftable appliances and requires that exactly the 
number of runs in the shifting horizon is performed during the horizon. Sequen-
tial 24-h shifting horizons between midnights are used here. 

3.1.2 Control algorithms 

Two control algorithms have been developed for the model: cost-optimal and 
rule-based control. The cost-optimal control minimizes the electricity cost over 
sequential 24-h horizons and optionally constrains grid feed-in to zero. The 
rule-based control aims to maximize PV self-consumption at each time step by 
storing any surplus PV production to the batteries, TES, or shiftable load runs. 
Figure 6 shows a general schematic of the control of the model. 

 

 

Figure 6. The dependencies between external data, state, and control variables and the control 
algorithms. Reproduced with permission from Publication 2. Copyright 2016 Elsevier. 
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Cost-optimal control 
Solving the globally optimal control for the system is difficult because the sys-
tem equation of the TES is nonlinear due to the temperature dependency of the 
heat pump COP, and the system contains integer states and controls if the shift-
able loads are included. Moreover, the non-linear programming problem ob-
tained by integrating the system equations is nonconvex, and simulating varia-
ble condensing requires either integration time steps inside the decision varia-
ble time step or logical constraints. Hence, the deterministic dynamic program-
ming (DP) algorithm [165] is used to obtain approximate global cost-optimal 
control u*: 

  (3) 

 
 

 

 

(4) 

  (5) 

The state vector is  and the 

control vector is . The external data is 

contained in the vector  and is deter-
ministic here, as perfect information is assumed to study the best possible case. 
Forecasts would have to be employed for actual implementation. 

The minimization over  is solved by enumeration. Feasible state and 
control sets  and  are determined by physical system constraints and 
discretization, as well as an optional zero grid infeed requirement. The state 
equation  contains the discretized TES state equation and 
the discrete battery and shiftable load state equations. The cost on each time 
step  is obtained by multiplying the power to or from the grid by 
either the buying or selling cost. The end cost  for all , as no costs 
are incurred outside the optimization horizon. If the grid infeed is constrained 
to zero, possible surplus PV is curtailed. 

The drawbacks of the DP algorithm are the need for discretizing continuous 
variables, leading to an approximate optimal control, and a computation time 
that scales with the number of possible values of  and . The discretization 
should be chosen case by case, and sensitivity of the optimum cost to it should 
be tested. The computation time is also case-specific. 

Rule-based control 
The rule-based control aims to maximize the PV self-consumption on each time 
step by storing PV production that exceeds consumption by the reference con-
trol. The physical constraints in the system are adhered to in the control simu-
lation. 

With the heat pump in fixed condensing, the reference control keeps the TES 
temperature at a given constant set point. With variable condensing, the TES 
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temperature set point is obtained from the minimum TES temperature. Shifta-
ble loads are run as in the original schedule and the battery is not used in the 
reference control. 

If PV production exceeds the consumption due to the reference control, the 
surplus is self-consumed in order of priority: 

1. Shiftable loads in the shifting horizon are moved to consume the sur-
plus. 

2. The battery is charged. 
3. The TES is charged with the heat pump by increasing Pcomp by the sur-

plus. 
4. If the auxiliary electric heater is used, the TES is charged with it by 

increasing Pheater by the surplus. 
If PV production does not cover all the consumption, the battery is discharged 

and the deficit is obtained from the grid. 

3.2 Optimal control of shiftable loads and power-to-heat to dis-
trict heating with storage in a city with wind and PV (Publica-
tion 3) 

Urban areas are “hot spots” in energy systems, with two-thirds of the global pri-
mary energy demand and its related CO2 emissions, and they are increasing in 
importance due to rapid urbanization [166]. Fulfilling urban energy consump-
tion with low-carbon production is therefore instrumental for climate change 
mitigation. Many cities have already set targets for carbon neutrality (e.g., Hel-
sinki, Finland by 2050 [167] and Copenhagen, Denmark by 2025 [168]). 

Photovoltaics (PV) is well suited for producing renewable energy in urban ar-
eas, especially on the rooftops of buildings [169]. On-site wind energy produc-
tion in the built environment may only make a small contribution to electricity 
production needs [170], but close-by wind energy production integrated to the 
power system serving the urban area could have more potential [171,172]. The 
demand for electricity and heat in cities is highly concentrated [172] and varia-
ble, and cities often have district heating (DH) systems [25]. Due to these char-
acteristics, electrical demand side management and power-to-heat (P2H) in ur-
ban areas present interesting flexibility opportunities for managing the varia-
bility and uncertainty of PV and wind. Moreover, power-to-heat with low-cost 
surplus PV or wind [173] could fulfill regulation requirements on renewable 
shares in district heat, e.g. in the EU energy efficiency directive [174], while in-
creasing the renewable share of electricity [175]. It could also be highly profita-
ble to district heat companies, which are natural monopolies [176]. 

Publication 3 presents new models for assessing the technical and economic 
potential of electrical DSM and P2H in DH systems, including storage with 
large-scale VRE in urban areas. The models solve optimal control of these sys-
tems, aiming either at optimal matching of load and VRE production or at max-
imal net cash flow over the optimization horizon. Thanks to the mathematically 
optimal controls, the full potential of the flexibility sources is obtained. 

Many well-established models exist for optimizing the operations of intercon-
nected urban electricity and heat systems [177]. However, they are not suitable 
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for the purpose of Publication 3, as they either do not include DSM or the con-
trols are not mathematically optimal. Flexibility provision from DSM and P2H 
in VRE integration in urban areas has been studied to some extent, focusing 
mostly on P2H, either in a distributed fashion [172] or integrated to urban DH 
systems [15,175,178]. Shiftable loads have also been studied [81,179]. Before 
Publication 3, urban P2H and DSM had not been combined in an optimal con-
trol model capable of providing a full potential assessment. 

The models can be applied for any location or condition with sufficient input 
data. They can also be used to study other energy systems than urban ones, but 
the validity of the price-taker assumption in the economic model must be con-
sidered when studying larger energy systems that may have market power. 

3.2.1 Power-to-heat, thermal storage, and shiftable load models 

The constraints and dynamics of power-to-heat and shiftable loads are modeled 
as constraints in a mixed-integer linear program (MILP) for computational ef-
ficiency in solving optimal control. This modeling approach is sufficient to con-
sider the most relevant physical effects, including limits on the output temper-
ature of heat pumps, which is sometimes overlooked. Some simplifications in 
second-order effects have been necessary; the most important have been ne-
glecting the temperature dependency of coefficients of performance (COP) of 
vapor compression devices, the effect of accumulation on the losses of district 
heating pipelines, and the effect of load shifting on losses in distributed thermal 
storages. Moreover, network flows and the possible bottlenecks are not consid-
ered here. 

Power-to-heat and thermal storage 
Power-to-heat to an urban district heating system is considered here. Specifi-
cally, the system comprises heat pumps, electric boilers, stratified water tank 
thermal storage, and accumulation of the district heat network. The model is 
based on hourly energy balances. Mass flows in the DH network are out of scope. 
Figure 7 shows a schematic of the studied system. The residual heat source is 
not included in the optimal control model. The total heat consumption Qh is in-
put data to the model and is intended to include network losses: it should be 
measured at the district heating plants. 
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Figure 7. A schematic of the power-to-heat scheme. 

Heat pumps are modeled with constant coefficients of performance COP ≈ 3, 
neglecting minor variations in temperature [110], and electric boilers (EB) with 
unit efficiency. These technologies require no ramping constraints, as they can 
be controlled fast compared to the hourly time step [180,181]. However, large 
heat pumps have a lead time from cold start to optimal efficiency [182], and 
continuous cycling may cause them significant wear [183]. Study of these effects 
is left for further work. 

No minimum load constraints are put in place. Large EBs with electrodes (>2 
MW) have a minimum load of 10‒20% [181]; smaller resistance heaters (1‒2 
MW) are assumed to be used to the extent that they can cover the minimum load 
of the electrode heaters. The maximum output temperature of DH heat pumps 
is 90 °C [184]. This is enforced based on the supply temperature of the DH net-
work , which is input data to the model. 

The stratified water tank thermal energy storages are modeled with a plug-
flow model (Figure 8), empirically valid with large storages equipped with good 
diffusers [25,112]. Short-term losses are negligible in large storages [25]. is 
set at a constant 90 °C to allow for heat pump charging independent of  and 
unpressurized design [25]. The network return temperature is approximated at 
a constant  ≈ 35 °C [25]. Therefore, the TES model is reduced to a simple 
energy balance with the maximum capacity obtained from . A typical 10 
000 m3 TES can store 642 MWh. 
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Figure 8. Plug-flow model for stratified TES. Reproduced with permission from Publication 3. 
Copyright 2016 Elsevier. 

Network accumulation by increasing the supply temperature  is considered. 
It can typically be increased by a maximum of 15 °C, while remaining below the 
maximum temperature, e.g. 120 °C [25]. As network flows are off the scope of 
this work, the supply piping of the network is modeled as a lumped thermal ca-
pacity with ∆T = 15 °C. The maximum temperature limit is not modeled directly 
for simplicity, as the network supply temperatures are rarely high. The effect of 
accumulation on DH network losses and the energy consumption of DH pumps 
are neglected. The lumped supply piping approximation may overestimate the 
network capacity and maximum charging power. 

The accumulated heat is discharged as the front of the increased temperature 
reaches end-use devices [25]. This is modeled by giving precedence to the accu-
mulated heat in fulfilling heat demand: 

  (6) 

where S is the accumulated heat, k is the time step, and  is the heat 
demand not covered by accumulation discharge. The conditionality is modeled 
in the MILP with the “big M” and driving binary variables technique [185]. 

Shiftable loads 
The shiftable loads are modeled as time series, shiftable for n hours. This entails 
two assumptions: the loads are linear systems that require the same amount of 
energy whether shifted or not and are continuously controllable at the aggregate 
level. The changes in coefficients of performance (COP) or losses in thermal 
loads are therefore neglected here. Continuous controllability is a good approx-
imation, as the load populations are large and many of the loads can be con-
trolled in a stepless way at the unit level as well. 

The time series are input data, and the shiftability is constrained as 

 
 

(7) 

where PS,n,orig is the original time series of the load shiftable for n hours, and 
PS,n,k,j is the power of the load shifted to the jth hour. 

Distributed electric heating with thermal storage is modeled separately, with 
an aggregate energy balance and a constant round-trip efficiency [186]. 
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3.2.2 Objective functions 

Load-VRE matching 
Optimal load-VRE matching is conducted to quantify the maximal technical po-
tential of the flexibility resources. This information has more long-term value 
than economic potential has because the load structure can be expected to re-
main more constant than market prices. The sum of the residual load absolute 
value is minimized over the optimization horizon: 

 
 

(8) 

 
where PVRE is the VRE production and Qe is the electricity consumption includ-
ing the flexibility measures. The absolute values in the objective function are 
formulated linearly with inequality constraints, as presented in [187]. 

Cost-optimal market participation 
Cost-optimal market participation evaluates the effect of actual market prices 
on the optimal control. Moreover, technical load-VRE matching is only con-
ducted in terms of energy, so the loss of exergy in P2H is not visible in the re-
sults. Cost-optimal control can evaluate whether the exergy loss manifests itself 
in the economics of flexibility. 

The technical system considered here doesn’t correspond to any well-estab-
lished company type in modern energy markets. Hence, a hypothetical market 
actor is considered, which 

 owns and operates wind power plants; 
 owns and operates PV installations, or buys surplus electricity after lo-

cal self-consumption; 
 operates P2H resources, namely heat pumps, boilers, and thermal 

storages in the district heating system; 
 has a monopoly on the DH network accumulation and priority on ful-

filling heat demand in normal operation; 
 trades electricity in the day-ahead spot market; 
 controls the population of shiftable loads, and receives a constant price 

for the electricity consumed by them. 
The exact formulation of the objective function depends on local market struc-

ture and regulation, such as taxation and VRE subsidies. It is likely a linear func-
tion of powers with the corresponding costs as coefficients in most cases. 

3.3 Optimal control of electric vehicle charging and heat pumps 
in 1‒n detached houses (Publication 4) 

Heat pumps (HP) in building heating and plug-in electric vehicles (PEV) are 
interesting technologies for demand side management: they are shiftable loads, 
are growing their market share [16–18], and provide energy efficiency and elec-
trification of transport and heating, which are key pathways to low-carbon en-
ergy systems [5]. 
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On the other hand, net zero energy buildings (net-ZEB) have become a part of 
energy policy in many countries; e.g., the EU requires all new buildings to be 
nearly net-ZEBs by 2020 [188]. PV is well suited for electricity production in 
net-ZEBs [189]. As the net zero balance is typically defined over a year, there 
will be surplus PV production at times [188], which may have negative grid im-
pacts at high net-ZEB penetrations [188] and may decrease the profitability of 
PV [162]. Overall, rooftop installations constitute a major share of the growing 
worldwide PV capacity [140]. The flexible, energy-efficient HPs and PEVs are 
interesting technologies to consume surplus PV in net-ZEBs and other PV in-
stallations in buildings, in addition to providing flexibility for the whole energy 
system. 

Publication 4 presents a model for quantifying the economic and grid interac-
tion benefits of smart charging (SC) and vehicle-to-grid (V2G) with PEVs, and 
space heating load control (SHLC) with heat pumps for 1−n detached houses 
with PV. The model solves cost-optimal control of the PEV and space heating 
and cooling loads, providing the full economic benefit. Battery degradation is 
included in the model, along with thermal dynamics of the buildings and PEVs. 
The model can be applied to any condition. 

While both SHLC [190–194] and PEV smart charging [195–198] have been 
studied widely, they had not been combined to a single model with their thermal 
dynamics before Publication 4. Previous studies on SHLC had also often con-
sidered a short time span, whereas this model is capable of a time span of a 
complete year. Moreover, the effect of varying temperatures on the PEV utility 
and battery degradation had not been included in such a model before.  

3.3.1 System model 

The modeled microgrid (MG) has 1‒n houses with a ground-source heat pump 
(GSHP) for heating and cooling and a PEV at each house. The energy flows in 
the microgrid are shown in Figure 9. The main flexibility sources in the system 
are the building envelopes and the PEV batteries. The energy flows are ex-
plained in more detail below. 

The dynamics and constraints of the microgrid are modeled as equality and 
inequality constraints of a linear programming (LP) problem for computation-
ally efficient optimal control. This implements the MG central controller (Figure 
9), which controls the electric powers of the controllable devices satisfying com-
fort and utility constraints. Other controllers are also required in the system, 
e.g. control of circulation pumps in the hydronic heating systems, but they are 
not considered explicitly in this model. The model is designed for use with 
hourly data, which is often available. 
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Figure 9. A schematic of the energy flows in the modeled microgrid. Circles are controllable de-
vices, squares are energy consumption, and diamonds are electricity infrastructure and pro-
duction. Reproduced from Publication 4. Copyright 2017 Elsevier. 

Space heating 
The thermal dynamics of the houses is modeled with a two-capacity model for 
simplicity and computational efficiency, as shown in Figure 10. The model can 
represent indoor temperature dynamics at a reasonable accuracy [199]. The 
concrete slab floor contains most of the heat capacity in the houses in the case 
study in this thesis [200]. Therefore, it constitutes one of the nodes; the other 
node is formed by indoor air and the other parts of the envelope. Other alloca-
tions of nodes to building parts are also possible by the appropriate calculation 
of the parameter values. The houses are assumed to have plinth foundations 
[201], hence all the losses are to ambient air. 
 

 

Figure 10. Two-capacity model for the thermal dynamics of the houses. Reproduced from Publi-
cation 4. Copyright 2017 Elsevier. 
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The energy balances of the two-capacity model are 

  (9) 

  (10) 

C are the heat capacities and T the temperatures of the interior (i), floor (f), 
and ambient air (e) nodes. H are the heat transfer coefficients between the 
nodes. Φ  contain the heat powers to and from each node due to heating and 
cooling. Heating due to electric appliances, inhabitants, and solar radiation is 
applied to the interior node, as is cooling. 

Hydronic radiator or floor heating systems are modeled with a ground-source 
heat pump in variable condensing used for space heating, domestic hot water, 
and ground-source free cooling. DHW is not used for flexibility in this model. 
Space heating is applied to the floor node if floor heating is used, and to the 
interior node if radiator heating is used. The temperature dependency of the 
heat pump COP is modeled with a Carnot cycle model [152] with cycle nonide-
ality [152] and heat exchanger temperature drops [153]. 

Constant powers Φ  are assumed over the simulation time step. Hence, the 
differential equation system is linear and is solved analytically over the time 
step. The solution is written as equality constraints of the LP. Inequality con-
straints are put on the interior and floor temperatures to enforce thermal com-
fort. 

Plug-in electric vehicles 
The PEV model can model both regular PEVs and plug-in hybrid electric vehi-
cles (PHEV) with a series powertrain. That is, the mechanical energy for driving 
is produced with an electric motor in all cases. It comprises electricity balance 
and thermal models of the vehicle and battery, and a semi-empirical model of 
battery capacity fade. 

The electricity balance of a PEV is  

  (11) 

E(t) is the energy stored in the battery;  is the self-discharge rate; P+ and P- are 
the charging and discharging powers; η are the efficiencies of the battery (b), 
charger (c), and ICE (F); F+ is the ICE fuel energy consumption;  is the electric 
power of the battery and cabin thermal management systems; and D- is the 
power draw due to driving. 

The thermal dynamics of the PEVs are modeled with a similar two-capacity 
model as that of the houses, based on [202,203]. The model is illustrated in Fig-
ure 11. The electric power of the thermal management systems is converted to 
the battery (b) and cabin (c) thermal powers Φ , with heating and cooling ele-
ments modeled with constant COPs for linearity. 
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Figure 11. Two-capacity model for the thermal dynamics of the PEVs. Reproduced from Publica-
tion 4. Copyright 2017 Elsevier. 

A semi-empirical aging model is adopted for battery capacity fade [204]. The 
model has been validated with aging data representative of realistic PHEV duty 
cycles. Li-ion batteries with NMC/LMO blended cathodes have been used in the 
experiments. The blended cathodes can combine the benefits of the two materi-
als [204], and electric vehicle manufacturers have started using them in the bat-
teries of their production vehicles [205]. The model describes the total capacity 
fade percentage of a cell as a function of the cumulative Ah-throughput J of the 
cell. We write it as a difference equation of the total capacity fade ratio Lt to 
allow for variable temperature in our model, employing the average battery tem-
perature Tb over the time step: 

  (12) 

Eac is the cell activation energy for the capacity fade process, Rg is the universal 
gas constant, and ac is the capacity severity factor function as given and vali-
dated in [204]: 

  (13) 

where r is the ratio of PHEV operation in charge-depleting mode (as opposed to 
charge-sustaining), SOCmin is the minimum SOC of the battery, and the other 
terms are constants determined in model fitting. We limit the consideration 
here to charge-depleting mode for simplicity (r=1). 

An ideal battery pack is assumed here, with all the cells drained equally and at 
equal temperatures. Moreover, cell voltage is approximated constant at nominal 
voltage U to keep the PEV electricity balance linear for LP. Hence, the cell-level 
cumulative Ah-throughput J is obtained from the power terms at the battery 
system level as 

 
 

(14) 
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where Q are the rated Ah capacities of a cell and the system. The marginal deg-
radation cost of battery use [€/Wh] is obtained by differentiation of the degra-
dation model [204]. The nonlinear capacity fade model is implemented itera-
tively between LP optimization runs with an initial guess. As the degradation is 
a slow process, this does not cause significant error. 

The PEVs can be charged either from the utility grid (charging power G+, dis-
charging G-) and/or from the modeled microgrid (S+, S-). Microgrid charging S 
also includes charging at the workplace, with a separate fee pf for the electricity 
transmitted thereto. A binary time series wv,t indicates whether vehicle v is at 
the workplace charging station, gv,t shows whether it is connected to the grid, 
and a binary simulation parameter y shows whether electricity transmission 
from the microgrid to the workplace is available. PEV charging P is allowed if 
the vehicle is grid-connected (gv,t=1) and charging at the workplace is allowed if 
the vehicle is there, either from the utility grid or the microgrid with the extra 
fee. Microgrid charging is constrained as follows: 

  (15) 

and equivalently for discharging (S-). The other PEV-related constraints limit 
battery temperature and cabin temperature when driving, as well as indicate the 
battery minimum and maximum SOC accounting for capacity fade and power 
capacities of charging and thermal management. 

The vehicle driving time series wv,t and  are input data to the model and can 
be produced, for example, with probabilistic simulation from travel survey sta-
tistics and vehicle test data. 

Microgrid energy balance 
The electricity balance of the microgrid is set as 

 

 

(16) 

where G are selling and buying of electricity from the utility grid to the mi-
crogrid; ψh and ψdhw are the heating, cooling, and DHW electric powers of the 
houses; Papp are the electricity consumption time series; and Psol is the PV pro-
duction. Selling and buying powers are constrained non-negative and below the 
total grid connection capacity. 

3.3.2 Objective functions 

Two objective functions are used here: cost minimization and energy consump-
tion minimization as the reference. The residential microgrid sells electricity at 
the hourly market price pm, buys electricity at the retail price pr, and pays the 
fuel price pF for the energy content of the ICE fuel. The transmission fee from 
the microgrid to the workplace is pf. All energy throughput of the battery incurs 
battery degradation cost pd. This results in the following objective function: 
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(17) 

The difference of battery degradation cost in the cost-optimal case vs. baseline 
is included in the cost-optimal objective function value after the optimization. 
This way, the baseline case shows the cost of conventional battery use without 
extra battery replacement, and the cost-optimal cost contains the extra cost due 
to battery replacement. 

In the reference case, PEV charging and space heating are optimized sepa-
rately to minimize their energy consumption. This way, the comparison to cost 
minimization shows the effect of flexibility without significant energy efficiency 
gains due to cost-optimal control. The benefit of space heating optimal control 
could be even higher compared to conventional thermostat controls. 

The baseline PEV charging schedule minimizes the battery use: 

  (18) 

A penalty term for fuel use is included to avoid excessive use of fuel, which is 
often more expensive than electricity. An incentive term to keep the battery full 
is included to simulate the driver’s range anxiety as well as conventional PEV 
charging to full capacity when charging is available. Moreover, the microgrid 
energy balance constraint is not included in the PEV baseline optimization; 
therefore, the PEVs schedule their charging solely according to their driving pat-
terns. 

The baseline space heating control results from the simple minimization of 
electricity consumption 

  (19) 

constraining the interior node temperature at the midpoint of the allowed inter-
val to simulate a thermostat system without full utilization of building thermal 
capacity.
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4. Results 

 

4.1 Storage and shiftable loads in a Finnish low-energy house 
with PV (Publication 2) 

A case study was conducted in Publication 2 with the simulation model on a 
residential low-energy detached house (area 296 m2) located in Porvoo, Finland 
(60.4°N, 25.7°E) [206]. Data for a full year from January 2013 to January 2014 
was used as hourly time series. 

Ground-source heat pumps (GSHP) are particularly relevant in the Finnish 
case, as the market for heating systems in new detached houses in Finland has 
been dominated by the technology in recent years, with a market share of more 
than 50% in 2014 [207]. The GSHP was also chosen most often in a choice ex-
periment on heating system selection conducted in Finland [208]. 

4.1.1 Data 

Meteorological data comprising direct and diffuse solar radiation on a horizon-
tal plane, 10-min-average wind speed, and temperature were obtained from the 
Kumpula weather station (60.18°N, 24.94°E) of the Finnish Meteorological In-
stitute [209], with linear interpolation of missing values. 

Two pricing schemes are considered here: real-time pricing with a utility mar-
gin [210] on top of the day-ahead Elspot market price [211] for optimal control 
and a constant price for rule-based and reference controls, which are not price-
responsive. The constant price is the average price of permanent contract offers 
for a Finnish detached house in 2013 [212]. Distribution cost [213], excise tax 
and supply security charge [214], and value-added tax are included in the con-
sumption cost. For electricity fed to the grid, the prosumer receives the hourly 
stock market price subtracted by utility commission [215] and pays the distri-
bution cost of production [216]. The average real-time consumption price is 10.5 
c/kWh, and the price of sold electricity is 3.8 c/kWh. The constant contract price 
is 12 c/kWh. These prices clearly show the value of PV self-consumption and the 
margin for risk management by the retailer. 

The hourly space heating power PSH of the building and the electricity produc-
tion of a 1-kWp PV system due south at a 30° inclination were simulated with 
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ALLSOL [217]. The U-values and building dimensions were obtained from en-
ergy inspection results. The annual PV system production is 873 kWh/kWp, and 
the space heating requirement is 36 kWh/m2. The annual DHW time series was 
constructed from a typical day consumption time series for a Finnish detached 
house [218] and scaled to the total annual consumption in the case building, 
6833 kWh [206]. 

The total appliance electricity consumption time series was measured on-site 
over the full year, as well as that of the shiftable appliances over 8‒9 days [219]. 
The annual total was 7918 kWh. The building used as a data source does not 
have electric space or DHW heating, but there are substantial electricity con-
sumptions, such as electric melting of ice on the outdoor step, electric heating 
of the car, and an electric stove. The maximum length of the appliance demand 
cycle was 3 hours, so a 3-h average demand cycle was formed for the optimiza-
tion. The shiftable load runs were identified as peaks of over 900 W above a 25-
h moving minimum in the total power time series, a condition which holds for 
all but one of the measured demand cycles. This simple approach results in sat-
isfactory validity against measured data. 

4.1.2 Case specifications and metrics 

The design grid connection capacity (24.15 kW; three-phase power with typical 
35 A fuses), maximum GSHP compressor power (2.5 kW to fully cover the SH 
and DHW with all system configurations), and maximum auxiliary heater power 
(10 kW to cover the SH and DHW requirement with significant margin) are kept 
constant in the simulations. 

Figure 12 shows the PV and heating system cases that were studied. The two 
PV system sizes are from typical commercial installations, e.g., by the Finnish 
utility Fortum [220]. The 9-kWp system can cover the whole appliance electric-
ity use of the building annually. The hourly self-use limit is approximately 1 kWp. 

A medium-temperature space heating system (max. supply temperature 60 
°C) is studied with the heat pump in fixed condensing, as the SH temperature 
level fits that of DHW. Variable condensing is studied with a low-temperature 
heating system (max. 40 °C) to evaluate the benefits in energy efficiency due to 
COP optimization as well as in economic flexibility potential due to a possible 
lower TES temperature while heating DHW with the heat pump. 

Both optimal and rule-based control are considered with several cases of TES 
dimensions and appliance shifts in use or not. The reference case is a small TES 
with fixed condensing, required for DHW heating with the heat pump. The ref-
erence control in this case is simple and inflexible: the TES temperature is kept 
at a 60 °C setpoint, and batteries or appliance shifts are not used. With variable 
condensing, the reference has no storage or appliance shifts. 

Three metrics are used to evaluate system operation: annual cost, grid feed-
in, and electricity balance (total annual PV production subtracted by total an-
nual electricity consumption). The electricity balance indicates the effect on en-
ergy efficiency. 
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The DP algorithm was implemented in parallel in C, and the rule-based algo-
rithm in MATLAB. With the TES as the only flexibility source, one annual opti-
mal control run is solved in 30 s on a four-core Intel Xeon 3.3 GHz processor. 
Including more flexibility sources increases the computation time rapidly due 
to the curse of dimensionality of the DP algorithm, and high-performance com-
puting is needed in the high end. 
 

 

Figure 12. The studied system cases. Reproduced with permission from Publication 2. Copyright 
2016 Elsevier. 

4.1.3 Results 

3-kWp PV system 
Figure 13 shows the results obtained with a 3-kWp PV system relative to the ref-
erence case. The PV system produces 2620 kWh annually, corresponding to 
33% of the total appliance electricity consumption, or 19% of the total electricity 
consumption including heating in the reference case. Of the PV production, 20% 
is fed to the grid in the reference case. 

The storage dimensions have been selected to show the effect of an increase in 
TES size from the reference, as well as substantial short-term battery capacity. 
Employing both the resistance heater and heat pump, just a 0.3 m3 TES can 
absorb all the surplus PV with rule-based control. However, this comes with a 
decrease in energy efficiency, as GSHP heating is replaced by resistance heating, 
as well as an increase in cost without a battery. Rule-based control without the 
electric heater can decrease grid feed-in with a minor decrease in energy effi-
ciency, especially with a larger TES and a battery. The cost benefit remains lim-
ited. 

Cost-optimal control can provide a 13‒15% decrease in the annual cost, with a 
36‒88% decrease in the grid feed-in. The absolute cost decrease is 175‒202 €. 
This is favorable compared to the 153 € annual compensation required on aver-
age by households to choose real-time pricing compared to a fixed-price con-
tract, as indicated by the preliminary results from a Finnish pilot choice exper-
iment [221]. 

If the grid feed-in is constrained to zero, the cost savings are slightly lower. 
The effect of storage size on the cost savings is limited. Appliance shifts can de-
crease grid feed-in and cost and increase electricity balance, but only to a limited 
extent. The cost decrease due to appliance shifts is clearly less than the more-
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than 100 € annual compensation required on average by households for control 
of electricity consumption in the aforementioned pilot experiment [221]. 

 

 

Figure 13. Results with a 3-kWp PV system relative to the reference case: (a) annual electricity 
cost (reference: 1344 €), (b) annual grid feed-in (537 kWh), and (c) electricity balance 
(−11,039 kWh). Medium-temperature heating system with a fixed-condensing heat pump. 
Reproduced with permission from Publication 2. Copyright 2016 Elsevier. 

9-kWp PV system with fixed condensing 
The results with a 9-kWp PV system, medium-temperature heating system, and 
fixed-condensing heat pump are presented in Figure 14. The storage dimensions 
have been selected to show the range from the reference configuration to what 
is required for zero grid feed-in without curtailment. The PV system produces 
7860 kWh annually, which corresponds to 99% of the appliance electricity con-
sumption, or 58% of the total electricity consumption in the reference case. The 
grid receives 60% of PV production. 
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Figure 14. Results with a 9-kWp PV system relative to the reference case: (a) annual electricity 
cost (reference: 1041 €), (b) grid feed-in (4763 kWh), and (c) electricity balance (−5799 kWh). 
Medium-temperature heating system with a fixed-condensing heat pump. Reproduced with 
permission from Publication 2. Copyright 2016 Elsevier. 

Cost-optimal control can provide a 17‒25% cost reduction and an 8‒52% de-
crease in grid feed-in. The absolute cost decrease is 177‒260 €. This is favorable 
compared to the indicative 153 € annual compensation required on average by 
households to choose real-time pricing compared to a fixed-price contract [221]. 
If grid feed-in is not allowed, the cost savings are decreased to 2‒15%, and sig-
nificant savings require large storages. A substantial decrease in the annual elec-
tricity balance also results, as PV is curtailed, and higher TES temperatures re-
sult in higher losses and lower COP of the GSHP. 

Rule-based control with the auxiliary electric heater is effective in decreasing 
grid feed-in, but the cost is increased if a battery is not used. Annual electricity 
balance is also decreased due to increased losses and lower COP. Rule-based 
control without the electric heater achieves approximately the same reductions 
in grid feed-in as optimal control. 

Increasing the TES size decreases the cost of optimal control with small stor-
ages, but with the 2.5 m3 TES, increased losses decrease the cost. Increasing 
battery size decreases the annual cost, and increasing storage size decreases grid 
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feed-in. Appliance shifts have only a minor effect, clearly less than the indica-
tive, more than 100 € annual compensation required on average by households 
for control of electricity consumption [221]. 

The effect of cost-optimal control on the power duration curve is presented in 
Figure 15. The optimal controller shifts power exchange with the grid to peak 
hours, taking advantage of price changes. If a battery is included, the peak pow-
ers are also increased and the shift is more dramatic. As the positive peaks occur 
during hours with low prices and the negative peaks during high-price hours 
(Figure 16), the effect of the control would be stabilizing to the whole energy 
system despite the new peaks. 

 

Figure 15. Power duration curve with a 9-kWp PV system, medium-temperature heating system, 
and the heat pump in fixed condensing. Positive power is drawn from the grid. Reproduced 
with permission from Publication 2. Copyright 2016 Elsevier. 

 

Figure 16. Scatter plot of power with a 9-kWp PV system, medium-temperature heating system, 
and the heat pump in fixed condensing. Reproduced with permission from Publication 2. 
Copyright 2016 Elsevier. 
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9-kWp PV system with variable condensing 
With a low-temperature heating system and the heat pump in variable condens-
ing, the 9-kWp PV system produces the equivalent of 64% of total electricity con-
sumption in the reference case, and 62% of the PV production is fed to the grid. 
The reference case is more energy-efficient than with fixed condensing and a 
medium-temperature heating system because no TES is needed, and the annual 
heat pump COP is higher. This results in a 14% reduction in annual electricity 
cost and a 22% increase in the annual electricity balance. 

Figure 17 shows the results obtained with a 1 m3 TES for flexibility, relative to 
the reference case with no storage. Cost-optimal control provides a 19% cost de-
crease and a 16% decrease in grid feed-in. The absolute cost decrease is 170 €. 
This is favorable compared to the indicative 153 € average annual compensation 
required by households to choose real-time pricing compared to a fixed-price 
contract [221]. If the grid feed-in is constrained to zero, the cost decrease drops 
to 3%, with a substantial decrease in energy balance. 

 

 

Figure 17. Results with a low-temperature heating system, variable-condensing heat pump, and 
a 9-kWp PV system relative to the reference case: (a) annual electricity cost (reference: 896 
€), (b) grid feed-in (4869 kWh), and (c) electricity balance (−4512 kWh). Reproduced with 
permission from Publication 2. Copyright 2016 Elsevier. 

The annual costs in the control cases are 11‒20% lower and the annual elec-
tricity balances are 11‒22% higher compared to fixed condensing and a medium-
temperature heating system. This is not only due to higher energy efficiency, but 
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also to the higher flexibility potential of the TES. The higher potential for flexi-
bility is especially visible in the rule-based control without the electric heater, 
which can provide 17% lower feed-in with variable condensing. 

DHW consumption affects the cost-optimal control less with variable con-
densing than with fixed condensing, because all DHW can be provided with the 
heat pump regardless of TES temperature. This is visible in the correlation be-
tween absolute TES temperature and DHW mass flow, which is 0.20 in variable 
condensing, in contrast to 0.32 in fixed condensing. 

4.2 Shiftable loads and power-to-heat with storage with PV and 
wind in a city (Publication 3) 

Publication 3 presents a case study of Helsinki, Finland (60.2°N, 24.9°E) with 
the developed models. Hourly time series data for the full 2013‒2015 time frame 
was used, and the optimization was conducted with sequential 24-h time hori-
zons. A case with price data from simulations with a high VRE share in 2050 in 
the electricity market [222] was also studied. 

4.2.1 Data 

Technical data 
Meteorological data from Kumpula and Harmaja weather stations [209,223] 
was used for solar radiation, wind speed, and temperature data. Data from 2011 
was used for the 2050 case, as in the market simulations for the price data [222]. 

Electricity consumption data in Helsinki represents a generic year and has 
been synthesized based on 2006 and 2010 data [224]. The shiftable appliance 
load time series have been composed based on empirical data on the consump-
tion of the loads [225,226], scaled to the number of the loads in the city from 
statistical data [227,228], and complemented with numbers of grocery stores 
from store chain websites. The demand for electric heating has been formed 
with the hourly heating degrees method [172] with a 17 °C basis [186] and the 
DHW consumption pattern in DH [229], and has been scaled to the whole city 
with statistical data [230] and nominal consumptions [231,232]. The times that 
the loads can shift their consumption have been obtained from literature 
[72,233–235]. The electricity consumption data is shown in Figure 18, with the 
shiftable loads shown separately. The total annual consumption is 458 TWh, 
and the share of the shiftable loads is 20%. 
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Figure 18. The hourly electricity consumption in Helsinki, with the considered shiftable loads. The 
times that the loads can shift their consumption are indicated in the legend. Reproduced with 
permission from Publication 3. Copyright 2016 Elsevier. 

District heat production data was obtained from temperature data from Kum-
pula weather station with a model validated with 2006 data [224]. The DH sup-
ply temperature from the same data with a representative control curve [25] was 
also used. The total annual DH production is 712 TWh on average. PV produc-
tion was simulated with ALLSOL [217] using solar radiation data from Kum-
pula. Wind power production was calculated using commercial wind turbine 
data [236], the logarithmic wind profile law [237], and wind speed data from 
Harmaja, an island 6 km south of Helsinki. The annual PV production is 910 
Wh/Wp (capacity factor 0.10), and the capacity factor of wind power is 0.34 on 
average. 

Economic data 
The economic position of the considered hypothetical market actor results in 
the following objective function for net cash flow maximization: 

 

 

 
(20) 
 

where πe,spot is the day-ahead market price of electricity [211], πwind is the price 
of wind power when sold to the market, πPV is the price the market actor pays 
for PV production, and πe,dist,110 is the electricity distribution cost in the 110-kV 
network [238], where the district heating electric boilers and heat pumps are 
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assumed to be connected. The electricity tax paid for P2H electricity is πe,tax 
[239], and πh is the price the market actor receives for sold DH [238]; πDSM is 
the price it receives for electricity consumed by the shiftable loads, obtained as 
the average of Finnish retail prices in 2013‒2015 [212], with a 5% load control 
compensation [240]. In the 2050 case, a constant retail price was formed such 
that the average margin compared to the day-ahead price equals that with the 
average retail price in 2013‒2015. 

The net present value (NPV) of the flexibility investments was also calculated 
with an 8% discount rate and a 20-year project lifetime, repeating the simula-
tion periods. The investment and fixed costs were obtained from 
[25,181,241,242], except for electric heating and residential cold and wet appli-
ances. For electric heating, the costs were assumed to be zero due to the profil-
eration of smart meters with a load control relay [243,244]. The cold and wet 
appliances were assumed to require a separate control box per appliance, cost-
ing 208 € each [32], which was scaled to the total number of the appliances in 
Helsinki [227,228]. 

4.2.2 Technical and economic cases 

VRE dimensionings from zero to 1400 MWp PV and 1650 MW wind are consid-
ered. The maximum values correspond to using 50% of rooftop area [173] and 
500 wind turbines, which could be installed south of Harmaja with a spacing of  
10 rotor diameters. The wake losses due to this spacing in the Nysted wind farm 
in Denmark have been quantified at 5‒10% [245]. The total electric power of the 
P2H devices is dimensioned at VRE nameplate capacity, with heat pumps cov-
ering 50% of the maximum heat power. Combinations of P2H with TES and DH 
accumulation and load shifting are considered. 

The maximum heat pump capacity considered is 763 MWe. Considering such 
a large-scale use of heat pumps, it should be noted that the availability of waste 
and ambient heat sources may limit the operation of DH heat pumps in Helsinki 
in the winter more than in the model. The DH heat pumps in Helsinki currently 
use purified wastewater, district cooling, and seawater as heat sources [246]. 
Purified wastewater can provide 105 MW of low-temperature heat on average 
[110,247], and the capacity of district cooling is 177 MW [248]. Sea water is too 
cold to be used as a heat source for heat pumps in the winter, as the sea in front 
of Helsinki lacks basins [246]. Therefore, large-scale heat pump use in DH in 
winter would require using e.g. the air or ground as the heat source. Alterna-
tively, HP heating would be replaced with electric boilers in the winter when 
heat from sea water is not available. Studying these effects is beyond the scope 
of this work. 

Market prices from 2013‒2015, as well as simulated prices from 2050 from a 
scenario with 48% wind power and 12% PV in North Europe [222], are consid-
ered. Several economic cases are studied. In the base case in 2013‒2015, the 
actor owns all the PV plants, receives a feed-in tariff (FIT) for wind, and pays 
electricity tax and distribution cost. In this case, πPV is the low-voltage network 
distribution cost [238]. With 2050 data, no FIT is considered. Figure 19 shows 
the variable costs in the simulation in the two considered time periods. 
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Figure 19. Variable costs in the simulation in (a) 2050 and (b) 2013‒2015. Reproduced with per-
mission from Publication 3. Copyright 2016 Elsevier. 

Cases with no FIT (in 2013‒2015), no tax, and no distribution cost are studied 
separately, all else being equal, to evaluate their effect. In addition, a case in 
which the actor buys surplus PV is considered: the electricity consumption of 
the city is subtracted from PV production, and πPV is the day-ahead market price 
subtracted by a commission of 0.24 c/kWh [215]. 

The optimization problem instances were solved with CPLEX for MATLAB, 
with computation times 5‒55 s per one 3-year run on an Intel Xeon 3.3 GHz 
processor. 

4.2.3 Optimal load-VRE matching 

A parametric study with optimal load-VRE matching control was conducted to 
assess the technical potential of the flexibility sources with different VRE capac-
ities. All the load shifting sources are included in the cases with load shifting. 
The DH accumulation cases utilize the capacity of the whole supply piping net-
work as well. In the TES cases, ten 10 000 m3 TES units (642 MWh each) are 
used. The thermal connection capacity per unit is 140 MWth, the maximum 
value of TES units built in Finland [25]. 
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The surplus VRE production (relative to total annual VRE production) and 
self-use limits are presented in Figure 20. P2H acts effectively as a power sink 
and can decrease the surplus above the self-use limit dramatically, up to 35% 
without any storage at the highest VRE capacities. Storages can bring an addi-
tional 3‒6% decrease. Load shifting without P2H can decrease the surplus 
around 2‒3%, except when PV dominates the VRE mix, in which case the effect 
rises to 5%. This is due to the diurnal cycle of PV: night-time consumption can 
be shifted to consume surplus, whereas periods of high wind production can last 
for several days. Many of the shiftable loads also follow a diurnal cycle. 

P2H schemes can effectively increase the self-use limits in Figure 20 (b) be-
cause they act as an effective power sink. Without any storage, the self-use limits 
can increase by 60‒80% compared to no flexibility. DH accumulation can in-
crease the self-use limits 2.5-fold, and the TES can increase them 3- to 4-fold. 
At low wind capacities, TES can consume all surplus VRE up to maximum PV 
capacity. This is due to the diurnal cycle of PV, which allows for storage dis-
charge during the night. A longer forecast horizon and possibly more storage 
could also allow for more effective consumption of surplus wind power, which 
can have longer periods of high production. 

Load shifting without P2H can increase the self-use limit by up to 33%; the 
more PV-dominated VRE mix, the higher the percentage. With P2H and no stor-
age, load shifiting can provide 14‒20% of self-use limit increase. However, with 
P2H and storage, the increase is smaller and can even become a decrease. Ad-
ditional flexibility can decrease surplus VRE because it has not been directly 
minimized. 
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Figure 20. (a) VRE production surplus and (b) self-use limits. The black line in (b) is the same 
case as the white surface in (a), other colors are the same. Reproduced with permission from 
Publication 3. Copyright 2016 Elsevier. 
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Figure 21. Share of locally consumed VRE of all the electricity consumption in Helsinki. The ar-
row marks the 650 MWp PV, 726 MW wind configuration with a more detailed analysis. Re-
produced with permission from Publication 3. Copyright 2016 Elsevier. 

Figure 21 shows the share of annual electricity consumption in Helsinki cov-
ered by locally consumed VRE. Below the self-use limit, the marginal increase 
of the share with an increase in PV or wind capacity is constant. Up to 650 MWp 
PV and 726 MW wind, the marginal increase with both PV and wind is over 50% 
of the maximum increase below the self-use limit. The VRE share is 51% or 53% 
at that point, depending on whether load shifting is used or not. 

The VRE share of district heat through P2H (Figure 22) reaches only 5‒10% 
in PV-dominated configurations, in contrast to around 40% when wind domi-
nates. This is due to the lower capacity factor of PV, as well as the concentration 
of PV production in summertime, when there is a low demand for heat. Wind is 
more evenly distributed throughout the year, with higher production in the win-
ter. The share of heat varies by 8‒10 percentage points, depending on the use of 
storage or load shifting with configurations with high wind capacity. In PV-
dominated configurations, the variation is only around 2 percentage points.  
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Figure 22. The share of district heat provided by VRE. Reproduced with permission from Publi-
cation 3. Copyright 2016 Elsevier. 

The VRE configuration with 650 MWp of PV and 726 MW of wind power was 
analyzed in more detail. Depending on the used flexibility measures, 51‒53% of 
annual electricity and 5‒11% of annual heat is covered by locally consumed VRE 
in this configuration, with 0‒13% of surplus VRE. The duration curves of elec-
tricity net load are shown in Figure 23. Eight 10 000 m3 TES units with 60 MWth 
power capacity per unit (typical values for conventional TES [25]) were used in 
the TES cases and were found sufficient to consume all the surplus VRE. 

 

 

Figure 23. Duration curve of electricity with optimal matching of load and VRE. In the net load, 
positive values denote consumption and negative export. For the CHP plants, positive values 
denote electricity production. Reproduced with permission from Publication 3. Copyright 
2016 Elsevier. 
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DH accumulation could also absorb almost all the surplus VRE with only peak 
values left, and four TES units and accumulation were found sufficient to con-
sume all the surplus. The net loads with accumulation are not shown for clarity. 
The effect of load shifting is a decrease in the low values of consumption and 
surplus, as well as a 150‒200 MW increase in peak consumption. 

To study how the electricity net load could be covered with the three existing 
CHP plants in Helsinki, a rule-based simulation of the plants was conducted, 
following the electricity net load and not exceeding heat net load. The plants 
were run in constant order of priority (1‒3), preferably in the CHP mode, taking 
into account minimum loads and start-up and shutdown times [249]. All the 
plants can ramp between minimum and full load within the 1-hour time step 
[249]. Condensing mode was used if the heat net load was exceeded. 

The production duration curves of electricity production by the three CHP 
plants in two flexibility cases are shown in Figure 23. In the reference case with 
no VRE, the CHP plants can cover all the electricity consumption. Plant 1 pro-
duces most of the electricity (6906 full load hours on average annually). Only 
limited consumption is left for the two other plants to fulfill (781 h and 41 h, 
respectively). The CHP plants produce 47% of the heat consumption in this case 
(full load hours 5120 h, 984 h, and 22 h, respectively). The rest of the heat would 
have to be produced with heat-only boilers. 

In the case with VRE and P2H, TES, and load shifting, the CHP plants cannot 
cover the hours with the lowest consumption because of minimum loads and 
limited start-up and shutdown rates. Around 100 MW of more flexible produc-
tion could cover this consumption. The production of plant 1 is less than half 
that in the reference case (2456 h full load hours annually on average). The pro-
duction of the other plants increases (994 h and 451 h, respectively) because of 
the high minimum load of plant 1. The CHP plants provide 26% of the district 
heat consumption, with full load hours 2239 h, 815 h, and 359 h.  

The only likely profitable plant would be plant 1 in the reference case, and its 
profitability is significantly decreased with the introduction of VRE and the flex-
ibilities. Hence, this VRE and flexibility scheme would likely require plants that 
are better suited for peak load operation to cover electricity consumption in the 
city. 

4.2.4 Cost-optimal market participation 

Cost-optimal market participation was studied with the same VRE configura-
tion studied in more detail in the technical matching analysis: 650 MWp of PV 
and 726 MW of wind power. The same TES configuration is used as well. P2H 
strategies with and without electric boilers are studied separately, as well as load 
shifting with only electric heating and commercial refrigeration in addition to 
all the load shifting sources. The price-taker assumption is found plausible by 
examining the shares of buying and selling by the market actor out of the whole 
market volumes. 

The results obtained from 3-year simulations using 2013‒2015 data are pre-
sented in Figure 24.  All the flexibility measures increase net cash flow (a), but 
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P2H measures significantly higher than load shifting. The effect of electric boil-
ers is negligible, except if electricity tax is removed, in which case they bring a 
little additional benefit. The difference between 8 TES units or 4 TES units and 
network accumulation is small as well. The combined effect of load shifting and 
P2H is approximately the sum of their separate effects: there are no significant 
synergy benefits. The effect of the flexibility measures is roughly the same in the 
different economic cases, except that P2H is more beneficial when electricity tax 
for it is removed, and slightly more beneficial without distribution costs. The 
economic cases affect mostly the baseline without flexibility. 

Using all the load shifting sources has a negative NPV (b) in all the economic 
cases, whereas load shifting with electric heating and commercial refrigeration 
has a positive one in all the cases. P2H measures without boilers have a highly 
positive NPV, especially without the distribution costs or electricity tax. How-
ever, adding the boilers decreases the NPV if electricity tax or distribution costs 
are removed, and in the other cases it makes the NPV negative. Cheaper elec-
trode boilers [181] could be used to some extent to decrease the cost; resistance 
boiler costs have been employed here. No synergy between P2H and load shift-
ing is observed. Due to the low price of TES units, the difference between 8 and 
4 TES units combined with accumulation is negligible. Therefore, accumulation 
is not worthwhile in this case as it is more difficult to control. 

Removing electricity tax has a dramatic effect on the profitability of P2H 
measures. District heat production with P2H has to pay full electricity tax, as 
only manufacturing is eligible to 70% lower electricity tax in Finland [239]. 
Electricity tax returns are also available only for manufacturing and mineral en-
riching [250]. Manufacturing also includes server rooms and greenhouses, and 
mining and quarrying will be eligible for the lower tax starting in 2017 [239]. As 
P2H has significant potential for balancing VRE, and electricity tax has a signif-
icant effect on its profitability, extending some tax reliefs on P2H could be con-
sidered as a policy measure to increase flexibility in electricity consumption. 

P2H produces over 80% of district heat in all the cases in which it is used (c), 
indicating its profitability with the considered prices. The effect of storage, 
boiler use, or the different economic cases is limited, except that removing the  



Results 

60 

 

Figure 24. Cost-optimal market participation simulation results for 2013‒2015: (a) net cash flow 
over 3 years, excluding investment and fixed costs, relative to no flexibility in the base case 
(565 M€), (b) net present value of the flexibility investment, (c) P2H share of annual DH 
consumption, and (d) share of VRE sold to the day-ahead market by the market actor. Re-
produced with permission from Publication 3. Copyright 2016 Elsevier. 
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electricity tax increases the share to over 90% with boilers. With FIT, the shares 
of VRE sold to spot are over 87% (d); without FIT, the shares are below 60% for 
all the cases with P2H, and the effect of load shifting on the share is more pro-
nounced. The lowest share is 42%. This indicates the profitability of selling wind 
power to the market with FIT, even if flexibility sources are available for self-
consumption. The surplus PV received by the actor is so minor that wind power 
sold to the market dominates the share in that case. 

The electricity and heat prices are favorable for P2H, especially with heat 
pumps. This leads to the market actor buying a significant amount of electricity 
from the market for P2H. For example, in the case with P2H and 8 TES units, 
no load shifting, and no boilers, the share of VRE of P2H is only 9‒10% in all the 
economic cases with FIT, except for those with only surplus PV. Without FIT, 
the share is 48%, as P2H with wind power becomes more attractive. In the sur-
plus PV case, the share is negligible as almost all VRE is sold to the market. 

The duration curves of district heating net loads in three cases are shown in 
Figure 25. In addition to the reference case without P2H, the case with P2H, 8 
TES units, and no boilers is shown (in the economic base case) because it is the 
most profitable of the studied P2H configurations. The same configuration but 
with boilers and without tax is also shown, as the P2H share of DH increases 
significantly. In both cases, the P2H systems produce most of the DH, with the 
remaining net load in the peak hours. Heat pumps cannot produce the peak 
load, and including boilers decreases the peak load by approximately 200 MW. 

A similar rule-based simulation as in the load-VRE matching analysis was 
conducted, aiming at producing the heat net load without any surplus. The CHP 
plants were run in CHP mode first in constant priority order (1‒3), and after that 
the heat-only boilers (HOB) in fuel-determined priority: gas, oil, and coal. The 
duration curves of the CHP plant heat production are included in Figure 25. The 
HOBs are not shown for clarity, but they can cover the rest of the net load in all 
the cases. 

All the CHP plants have high full load hours in the reference case: plant 1 has 
6606 h, plant 2 has 5273 h, and plant 3 has 2432 h. With the considered high-
capacity P2H scheme, the full load hours are reduced considerably: 951 h, 604 
h, and 550 h, respectively, in the case without boilers, and 424 h, 297 h, and 216 
h in the case with boilers and without tax. This suggests that CHP plants would 
lose their profitability with this high-capacity P2H scheme. 

The effect of CHP plants and HOBs on the profitability of the investment to 
P2H flexibility was also studied directly, assuming that the CHP plants sell the 
produced electricity to the day-ahead spot market. Plant operating costs were 
obtained from [251], fuel oil cost from [252], and ramping costs from [253]. The 
NPV of the flexibility investment became negative in both P2H cases due to the 
reduced district heating share of the conventional plants. Therefore, the opera-
tion of the P2H schemes with the present DH generation mix in Helsinki would 
require further optimization of the dimensioning. 
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Figure 25. Heat duration curves in cost-optimal operation. Reproduced with permission from 
Publication 3. Copyright 2016 Elsevier. 

The DH price can be set by the local DH monopoly in the deregulated DH 
market [176] in Finland. However, legislation limits the price to a reasonable 
and cost-based level due to the dominant market position of the DH companies 
[254]. As the high price of DH compared to electricity is the main reason for the 
profitability of P2H, a sensitivity analysis on lower DH price was conducted. 
P2H with 8 TES units without boilers or load shifting was considered in the eco-
nomic case with no FIT. Another economic case was also considered, in which 
the electricity tax was further removed. The DH price was varied as a ratio to 
the original price time series. 

The 3-year net cash flow and NPV of the P2H and TES investment is shown in 
Figure 26. The P2H share of DH and the share of VRE sold to the day-ahead 
market is shown in Figure 27. The DH price could decrease by approximately 
10% with tax and 30% without tax without making the NPV of the flexibility 
scheme negative. With these changes in the DH price, the P2H share of DH and 
the share of VRE sold to the market would remain approximately the same. 

 
 



Results 

63 

 

 

Figure 26. 3-year net cash flow, excluding investment and fixed costs, and NPV of the investment 
to P2H and TES. Reproduced with permission from Publication 3. Copyright 2016 Elsevier. 

 

 

Figure 27. Share of VRE sold to the day-ahead market, and P2H share of DH. Reproduced with 
permission from Publication 3. Copyright 2016 Elsevier. 

The results with simulated 2050 electricity price data are shown in Figure 28. 
In terms of net cash flow relative to no flexibility in the base case (a), the results 
are similar to those of 2013‒2015. All the flexibility sources increase the net cash 
flow, and P2H does so more than load shifting. Boilers bring little extra benefit, 
and the difference between the two storage schemes is negligible. There is no 
significant synergy between P2H and load shifting. 
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Figure 28. Cost-optimal market participation simulation results for 2050: (a) net cash flow over 
one year, excluding investment and fixed costs, relative to no flexibility in the base case (138 
M€), (b) net present value of the flexibility investment, (c) P2H share of annual DH consump-
tion, and (d) share of VRE sold to the day-ahead market by the market actor. Reproduced 
with permission from Publication 3. Copyright 2016 Elsevier. 

The results on NPV (b) are markedly different from 2013‒2015 results: P2H is 
not profitable, even without boilers, if tax or distribution cost is not removed. 
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This is due to the higher day-ahead electricity price in 2050, as the DH price 
does not change significantly. It shows the importance of taxes on P2H in flexi-
bility provision in a future scenario with a large share of VRE and intermediate 
or peak load plants. Only load shifting with EH and CR has a positive NPV with 
electricity tax and distribution cost. That NPV is also only 33% of that in 2013‒
2015 despite the higher day-ahead electricity price volatility in 2050; this may 
be due to the hypothetical retail price used for shiftable loads in 2050. 

The lower P2H profitability compared to 2013‒2015 is also visible in the sim-
ilarly lower P2H shares of DH (c), with a similar 10% or higher increase upon 
removing the electricity tax. The effect of the flexibility measures on the share 
of VRE sold to the market (d) is in the same order as in 2013‒2015 without FIT, 
as no FIT is considered here. It is slightly lower, however, showing the lower 
profitability of the flexibility measures. VRE is also used for P2H more than in 
2013‒2015: for example, with P2H and 8 TES units, no load shifting, and no 
boilers, the share is 53‒62% in the considered economic cases in 2050, com-
pared to 48% with 2013‒2015 data in the case with no FIT. 

4.3 Flexible space heating and electric vehicle charging in 1‒10 
Swedish net zero energy houses with PV (Publication 4) 

A case study is presented in Publication 4, conducted with the presented simu-
lation model on 1‒10 houses with data from Southern Sweden. Hourly data from 
September 2005 to August 2006 was used. 

4.3.1 Data 

Meteorological data obtained from Norrköping-SMHI weather station (59°N, 
16°E) [255] was used for temperature data and solar irradiance on electric ve-
hicle cabins. Passive solar heating of buildings and PV generation were sepa-
rately simulated with ALLSOL [217] based on the data. The annual PV genera-
tion is 970 kWh/kWp. 

Building envelope parameters were mainly obtained from the TABULA build-
ing typology for Sweden [200] for houses with advanced refurbishment for en-
ergy efficiency. House appliance and lighting electricity consumption were ob-
tained from an empirical measurement campaign [225]. Heating power due to 
inhabitants was calculated from Swedish time use statistics [256] and average 
heat gains of typical activities [257]. Typical DHW profiles from the workday 
and the weekend [258] were used for the DHW consumption time series. 

Vehicle databases [259,260] and information from manufacturers [261–263] 
were the sources for the technical specifications and driving consumption of the 
vehicles, complemented with thermal properties [264] and PHEV combustion 
engine efficiency [265]. Vehicle driving patterns were generated from Swedish 
travel survey statistics [266] using inverse transform sampling of cumulative 
distribution functions. 

Nord Pool Spot [211] kindly provided Swedish electricity spot market price 
data, which is 4.2 c/kWh on average. The retail price is formed by adding a grid 
fee and electricity tax (50 €/MWh) on the spot price and applying a 25% VAT 
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[53]. The same 50 €/MWh fee is used as the cost for transmission to the work-
place. Fuel prices (Euro-Super 95, EU weighted) were obtained from [267], and 
fuel energy content (gasohol E10) from [268]. Electricity produced by the PHEV 
costs around 4 times the retail electricity price. PEV battery costs are from [23], 
and 260 €/kWh is the default value in the simulations. 

4.3.2 Case specifications and metrics 

Four different system infrastructures are considered. In all the cases, each of the 
houses has PV generation and a PEV. PV is dimensioned so that the houses are 
net zero energy in terms of annual electricity consumption excluding the PEV. 
This results in 10‒11 kWp PV installations. 

 Case 1: an individual house (y = 0) 
 Case 2: an individual house with the agreement on transmission to the 

workplace (y = 1) 
 Case 3: a cooperative microgrid with 1‒10 houses with free electricity 

transfer between them, but no transmission to the workplace (y = 0). 
 Case 4: the cooperative microgrid with workplace transmission (y = 1). 

Three different PEV and heating system combinations are considered, with 
increasing battery capacity and thermal mass: Chevrolet Volt and radiator heat-
ing (8 cm thick floor slab), Nissan Leaf and floor heating (8 cm thick slab), and 
high-end BEV and floor heating (12-cm slab). The high-end BEV is loosely based 
on the Tesla Model S, for which complete information was not available. New 
batteries are used in the simulations. 

Annual electricity consumptions, as well as the floor areas and inhabitant 
numbers of the houses, are normalized to the mean values in the data: 5.7 MWh, 
145 m2, and 3.2, respectively. The PEVs are assumed to be identical and driven 
in the same way. The annual driving distance is normalized to the mean value 
obtained with random sampling with three random number generator seeds, 18 
900 km. In cases with multiple houses, the results are averaged over three dif-
ferent orders of adding the households to the microgrid. The optimization prob-
lem instances were solved with CPLEX for MATLAB using three iterations for 
battery degradation. 

4.3.3 Results 

The results for V2G-only and SHLC-only optimization with baseline control for 
the other resource are shown in Figure 29. V2G achieves a 104‒203 € (12‒20%) 
and SHLC reaches a 66‒170 € (8‒16%) annual cost saving per household, de-
pending on the modeled system and infrastructure case. Preliminary results 
from a Finnish pilot choice experiment indicate that the annual savings required 
on average by households to accept remote control of space heating are 196 € 
for control in the evening, and 63 € in the morning [221]. The latter is not sta-
tistically different from zero [221]. The results obtained here for SHLC are in 
the same range. 

V2G provides more savings than SHLC in most of the configurations. The op-
posite occurs in cases I–III with the Nissan Leaf and floor heating. V2G also 
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decreases the annual sold and bought electricity more than SHLC does. This 
indicates that the PEVs can increase PV self-consumption more than space heat-
ing control, which is expected, as PV production is concentrated on summer-
time, and space heating concentrates on wintertime in Nordic conditions. SHLC 
leverages space cooling in the summer, but the flexible electric power capacity 
of ground-source free cooling is only 20% of flexible GSHP electric power. Ther-
mal storage in DHW heating could be employed for further heating flexibility in 
the summer. 

 

 

Figure 29. Annual electricity cost (a), and bought (b) and sold (c) amounts of electricity per house-
hold. Only V2G or space heating load control has been cost-optimized, with baseline control 
for the other resource. Reproduced from Publication 4. Copyright 2017 Elsevier. 

The results for cost-optimal control of both the PEVs and SHLC, with either 
V2G-capable or SC-only PEV charging are shown in Figure 30. The annual sav-
ings with all the flexibility in use, namely with V2G and SHLC, range from 167 
to 340 € (19‒33%), depending on the system and case. Despite the considerable 
decrease in bought and sold electricity due to the increase in PV self-consump-
tion because of V2G, the cost savings due to V2G are limited, at less than 1 per-
centage point. This indicates that the benefit of additional self-sufficiency is low 
compared to the cost of additional battery degradation. Aggregating the house-
holds and/or allowing transmission to the workplace (cases II–IV) also provide 
benefit in self-sufficiency compared to a single household without workplace 
transmission (case I), but the added monetary value is limited. 
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Figure 30. Annual electricity cost (a), and bought (b) and sold (c) amounts of electricity per house-
hold. V2G-capable and SC-only cost-optimization, with cost-optimal space heating load con-
trol in both cases. Reproduced from Publication 4. Copyright 2017 Elsevier. 

V2G use is sensitive to an increase in battery cost. In optimizations run with a 
higher battery cost of 360 €/kWh [23], V2G use is significantly decreased or 
even completely stopped. Moreover, if the degradation is removed from the op-
timization but is included in the final cost, the resulting excessive V2G use often 
leads to an increase in total cost. Even the best cost benefits remain limited to 
below 1 percentage point also in this case, which indicates that V2G can have 
negative value if battery degradation is not considered in the control. If battery 
degradation is completely neglected in the model, the cost benefit of V2G com-
pared to SC is 2‒5 percentage points. This shows that neglecting battery degra-
dation can lead to an overestimation of the V2G cost benefit. The results on bat-
tery degradation should be interpreted keeping in mind that new batteries have 
been used in the simulations. As battery degradation slows down as it proceeds, 
V2G becomes more economical, so V2G with used batteries would be a very in-
teresting option. 

Scaling of the unit benefits with an increasing number of houses in the mi-
crogrid is limited, as shown in Figure 31. This had not been studied with these 
technologies before Publication 4. Results for the other cases are similar, as well 
as with smart charging. The additional decrease in all the metrics is only around 
1‒6 percentage points, with saturation at 3‒5 households. Aggregating house-
holds to cooperative microgrids may not be worthwhile for such a minor benefit, 
as single-household and microgrid interests may conflict. However, cost-opti-
mization has been carried out with perfect information and with a high degree 
of normalization for the houses. Both forecast errors and variations between the 
houses could bring forth more benefit from aggregation. Moreover, electricity 
distribution with microgrids could be beneficial for e.g. islanded mode opera-
tion during faults, which has not been considered here. 
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Figure 31. The ratio between annual results of cost-optimal control per household and baseline 
results per household, as a function of the number of houses in the microgrid. Case IV with 
V2G. Reproduced from Publication 4. Copyright 2017 Elsevier. 
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5. Conclusions 

 
Large-scale use of variable renewable energy (VRE) is envisioned in electricity 
production to reduce emissions. This will increase flexibility requirements in 
power systems to the extent that searching for enhanced flexibility in all possible 
sources is warranted, including the demand side. The objective of this work was 
to shed light on the technical and economic potential of demand side flexibility 
for managing the variability of VRE production. To this end, three new energy 
system models have been developed and case studies conducted with them. 

The first model can solve cost-optimal control of a heat pump with thermal 
storage, batteries, and shiftable loads in a building with PV. Rule-based control 
aimed at maximizing PV self-consumption can also be considered. Previous 
models had not combined the three flexibility sources to one such model, and 
they did not consider both variable and fixed condensing operating modes of a 
heat pump. The model can be used to study the maximum value of flexibility to 
aid in deciding whether to pursue implementing such controls in actual build-
ings. It has two main limitations: operation at hourly time resolution, which 
models hourly net metering of PV and rules out flexibility provision to, e.g., re-
serve markets; and modeling the water tank TES as fully mixed, which results 
in conservative performance with a heat pump. 

The second model was developed for assessing the technical and economic po-
tential of shiftable loads and P2H in district heating systems, including thermal 
energy storage, with large-scale VRE schemes in urban areas. The model can 
solve optimal matching of VRE production and electricity consumption, and 
cost-optimal participation to the day-ahead market. Previous models had not 
considered optimal control of DSM and P2H combined in urban areas. The 
model could be useful to, e.g., urban planners for analyzing the potential of these 
flexibility sources in their city. This model was developed for hourly time reso-
lution as well, and studying, e.g., reserve markets with faster dynamics could 
require more detailed modeling or experimental studies. 

The third model solves cost-optimal control of space heating and cooling with 
heat pumps and ground-source free cooling, and smart charging and vehicle-to-
grid with plug-in electric vehicles (PEV) for 1‒n detached houses with PV. Other 
objective functions can also be readily used, such as energy consumption mini-
mization, which is used as the reference control. PEVs and space heating had 
been widely studied previously, but they had not been combined to a single 
model with their thermal dynamics modeled properly before. This model is also 
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capable of a time span of a complete year, while previous models on space heat-
ing had often considered a short time span. It also includes the effect of temper-
atures on PEV utility and battery degradation, which had not been included in 
such a model before. The model can be used to study the maximum value of 
flexibility to aid in deciding whether to pursue actual implementation of such 
controls. It is also designed for hourly time resolution, which models the hourly 
net metering of PV, is somewhat coarse for vehicle thermal dynamics, and it 
rules out flexibility provision to, e.g., reserve markets. 

A case study on a low-energy house in Southern Finland with data from 2013 
was conducted with the first model. The reference case had inflexible control 
and a constant price with bought electricity. Cost-optimal control employing 
hourly market price achieved 13‒25% electricity cost savings and an 8‒88% de-
crease in grid infeed compared to the reference. The exact values depend on PV 
capacity and the flexibility sources. For 3 kWp PV, or three times the hourly self-
use limit, 0.3 m3 and 1 m3 TES were studied along with 0 and 1 kWh/kWp bat-
tery. For 9 kWp PV covering appliance electricity consumption annually, the 
storage capacities ranged from 0.3 to 2.9 m3 for the TES, and from 0 to 1 
kWh/kWp for the battery. Most of the cases were studied with and without ap-
pliance shifts.  

Grid infeed could be limited to zero with rule-based control or cost-optimal 
control with the additional constraint. However, this decreased the savings, and 
made the control less energy-efficient. The heat pump with thermal storage and 
battery were found to be more effective to provide flexibility than shiftable wet 
appliances, which only provided a marginal effect. 

The results imply that energy-efficient heating with heat pumps, as well as 
batteries, can provide significant flexibility. However, care must be taken to bal-
ance energy efficiency and flexibility with the heat pumps because they have a 
limited maximum condenser temperature, which limits their ability to charge 
sensible thermal storages, and the coefficient of performance (COP) of the heat 
pump decreases as that maximum is approached. Moreover, control of shiftable 
wet appliances brings only a minor benefit, clearly less than that required by 
consumers, according to the preliminary results of a Finnish choice experiment 
[221]. 

The case study conducted with the second model was on the city of Helsinki, 
Finland, with data from 2013‒2015. Both PV and wind were included, and a 
parametric study varying their capacities was conducted. The electric power of 
P2H systems was dimensioned to total VRE nameplate capacity, such that heat 
pumps cover 50% of heat power. As the district heating system is an effective 
power sink, P2H could consume surplus VRE above the self-use limit very ef-
fectively with optimal load-VRE matching: the decrease in surplus was 35% 
without any storage at the highest VRE capacities. Storage provided an extra 3‒
6% decrease, and load shifting 2‒5%. The VRE self-use limit in the city could be 
increased by up to 33% with load shifting, and by approximately 60‒80% with 
P2H. With P2H and storage, the self-use limit could increase 3- to 4-fold. 
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P2H with 8 TES units (10 000 m3 each) or 4 TES units and district heating 
network accumulation could consume all surplus VRE production at a VRE con-
figuration, providing approximately 50% of the annual electricity demand of the 
city through self-consumption (650 MWp PV, 726 MW wind). Low consumption 
and surplus powers were decreased significantly by load shifting, as well as peak 
powers increased. With the same VRE and P2H configuration, P2H without 
boilers had a highly positive net present value with cost-optimal control. Load 
shifting with electric heating and commercial refrigeration also had a positive 
NPV, which turned negative if the other residential loads were included due to 
the high investment cost of the required control devices. The profitable cost-
optimal control of P2H used a significant amount of electricity from the market 
and sold a major share of VRE to the market. However, including the CHP plants 
in the city made the studied P2H configurations unprofitable, because of the 
loss of heat production by the CHP plants. Further optimization of P2H dimen-
sioning taking into account the conventional plants would therefore be re-
quired. With simulated market data from 2050, the studied P2H configurations 
had negative NPVs because of higher electricity market prices. 

The results imply that P2H with large heat pumps and thermal storage in dis-
trict heating can provide significant flexibility for VRE balancing, and can also 
be a profitable investment on its own with present-day prices. Load shifting with 
electric heating and commercial refrigeration can likewise be a profitable invest-
ment, but their balancing effect in the urban scale is limited compared to P2H, 
at least in the case of Helsinki. The flexibility provided by residential wet appli-
ances and refrigeration is limited compared to the cost of controlling them, re-
sulting in negative net present value. 

The third model was used for a case study on 1‒10 hypothetical net zero energy 
houses with PV in Norrköping, Sweden, with data from 2005‒2006. Three com-
binations of plug-in electric vehicles (PEV) and space heating were considered, 
with battery capacities from 16.5 to 70 kWh per vehicle and increasingly heavy 
building envelopes. The reference case had the same hourly electricity pricing 
as the studied cases and energy consumption, minimizing control for PEVs and 
space heating separately, with incentive terms to simulate conventional oppor-
tunity charging of PEVs and to minimize expensive fuel use of PHEVs. 

Significant annual cost savings of up to 33% compared to the reference were 
provided by the cost-optimal control of PEVs and space heating. V2G-capable 
PEVs could provide more cost savings than space heating control (12‒20% vs. 
8‒16%, respectively, with exact values depending on PEV and building case). 
They could also reduce the annual sold and bought electricity more. This is ex-
pected, as PV production is concentrated on summertime. The added value of 
V2G over the smart charging (SC) of PEVs was found limited, less than 1 per-
centage point of cost savings. If battery degradation is neglected, the added 
value is overestimated at 2‒5 percentage points, showing that the additional 
battery degradation due to V2G decreases its benefit. New batteries were used 
in the simulations, and V2G with used batteries would be an interesting option, 
as capacity fade slows down as it progresses. The cost and energy balance ben-
efits of aggregating the 2‒10 houses under central management were limited. 
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However, the houses were normalized to a large degree and the study was done 
with perfect forecast information. Variation between the houses, uncertainty, 
and islanded operation during faults could make aggregation more beneficial in 
an actual implementation. 

The results imply that significant cost reductions and grid interaction de-
creases are available through control of energy-efficient space heating with heat 
pumps and electric vehicle charging. Moreover, the additional battery degrada-
tion due to V2G can significantly decrease its benefits, and should be considered 
when designing smart charging and vehicle-to-grid schemes. 

Power-to-heat in district heating with large-scale heat pumps and water tank 
thermal storage can be identified as the most technically scalable and economi-
cal source of demand flexibility studied in the original modeling work in this 
thesis. It was found economical both in terms of cost reductions and net present 
value of the investment. This technology has also been identified as the most 
efficient for VRE balancing in a recent national-level modeling work of the Finn-
ish energy system [116]. The possible limitations to P2H with heat pumps not 
considered in the model here warrant further study, namely lead time from cold 
start to optimal COP [182], wear to the heat pumps due to cycling [183], and 
availability of ambient heat sources. Moreover, policymakers should consider 
removing regulatory barriers and unfavorable taxes for P2H [182,239] to in-
crease its realizable flexibility potential. 

Control of distributed electric heating with heat pumps and resistance heaters, 
possibly with thermal storage and commercial refrigeration, were found to pro-
vide significant cost savings and flexibility for VRE balancing. Moreover, they 
were found to be profitable investments. Batteries and electric vehicles were 
also found to provide significant cost reductions and VRE self-consumption in-
creases, but their profitability as investments was not studied. Due to the high 
cost of batteries [98], multiple services may have to be provided by them to 
make them profitable investments [99]. 

The aforementioned effective technologies should be considered for use in 
power system flexibility provision, as well as in further research and develop-
ment work on demand side flexibility. However, not all potential sources for de-
mand side flexibility have been considered here: industrial loads have not been 
considered, and neither have e.g. ventilation or melting of snow and ice. These 
are interesting topics for further work. 

As the presented models operate with perfect information, this thesis has only 
considered the variability of VRE production and not its uncertainty. The mod-
els could be further developed to use forecasts of VRE production and other rel-
evant data. The building-level models could be complemented with investment 
analysis and dimensioning optimization. The models could also be improved for 
studying the effect of power-based distribution tariffs [269]. Power plants could 
be added to the urban level model to study P2H dimensioning with them. Spa-
tial analysis could be done [270] and power systems models could also be in-
cluded, e.g., DC power flow [271]. 



Conclusions 

75 

Due to operating with hourly time resolution data, this work has only consid-
ered flexibility offered to the day-ahead spot market. Offering flexibility to re-
serve markets that require fast, intra-hour dynamics would be interesting. For 
some demand side flexibility sources, it could be studied with modeling, but due 
to limited data availability and the complicated fast dynamics of some loads, 
experimental studies may be required for some sources. Flexibility provision 
over longer timeframes would also be interesting, as a significant increase in 
fluctuations with periods between 2 days and 4 months have been found inevi-
table with large-scale VRE use in the Nordic countries [272]. Power-to-heat with 
TES would an interesting source of flexibility in such a timeframe. 

Thermo-chemical energy storage (TCS) [273] would be interesting for P2H in 
urban areas with high land costs and limited space due to its high energy density 
[274]. It could also be used as seasonal storage [273]. However, the technology 
is costly [274] and requires high-temperature heat for charging [273], so its ef-
fectiveness for P2H would have to be studied. Phase change materials (PCM) 
could also be interesting to enhance the heat capacity of building envelopes 
[275]. However, the system would become nonlinear, which would make control 
more difficult. It is also notable that TCS and PCM technologies are not properly 
commercialized yet with negligible market shares, and they also require tech-
nical development in the stability of the materials, as well as system integration 
[274].
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