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1. Introduction 

1.1 Background 

The reduction of greenhouse gas (GHG) emissions is the main option for miti-
gating global climate change. Approximately 60–70% of the global GHG emis-
sions stem either directly or indirectly from energy production [1,2]. Therefore, 
massive amounts of clean and renewable energy production are now being in-
stalled in the world. Several studies predict that a remarkable share of the new 
energy production will be based on variable renewable energy (VRE) sources, 
such as wind and solar power [3,4]. The potential of VRE, especially solar en-
ergy, is enormous. Each year, the sun radiates over 5,000 times more energy on 
the ground than mankind consumes [5]. The use of these technologies will gain 
increasing popularity as the technology develops and the price is reduced.  

The fluctuating and decentralized production of VRE sources creates new 
types of challenges to current energy systems, which are traditionally based in 
centralized and controllable combustion power plants and fossil fuels [6]. Local 
small VRE installations have not yet caused any major problems in the power 
systems, but large-scale VRE scenarios will require a different type of flexibility 
from the energy system to balance temporal and spatial differences between en-
ergy demand and supply. In electric systems, this balancing is especially critical, 
as the systems typically have little inherent inertia and low storage capacity. 

The transition from traditional to renewable energy production is a long pro-
cess and will require the old and new energy systems to cooperate side by side 
for decades. Therefore, the traditional plants that may be designed for steady 
base-load operation will encounter totally different working conditions when 
VRE is introduced on a large scale. This scenario again emphasizes the need for 
power system flexibility, as increased fluctuations may decrease the lifetime of 
the plants [7] and increase the costs of power system operation [8]. In addition 
to increasing system flexibility, it is important to study the optimal operation of 
the resulting energy mix of new and old energy systems. 

A total of three fourths of all energy is currently consumed in urban areas, and 
the share of cities in total GHG emissions is approximately 80% [9]. Further-
more, the role of cities will only increase as urbanization continues in the future 
[10]. These facts highlight the importance of solving the challenge of energy sys-
tem transition, especially in cities. Simultaneously, the progress has been rapid 
in distributed energy production technologies suitable for urban environments, 
especially solar energy, but also heat pumps, distributed bioenergy, small-scale 
wind power, and renewable district heating. Bringing energy production closer 
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to energy use and to consumers is an attractive option for the future, as it has 
several benefits, including avoiding large and costly energy infrastructures and 
involving end-users in energy investments [11]. 

In urban areas, thermal energy (i.e., heating and cooling) dominates the end 
use of energy over electricity. In the residential sector, the share of thermal en-
ergy in the end use varies between 50–80% depending on the location, whereas 
the share of electricity remains between 15–35% [12]. The difference is a little 
smaller in the service sector [13]. Thus, it is highly important to consider the 
energy system as a whole and not to limit the scope strictly to electricity alone. 
This is particularly important because thermal energy is often produced locally, 
as long-distance transportation of heat is not yet technically or economically vi-
able [14].  

1.2 Objectives and scope  

The purpose of this thesis is to investigate ways of increasing the share of VRE 
in the energy system, especially in urban environments. Previous studies on en-
ergy system integration of VRE tend to focus on power only. In contrast, this 
thesis considers the energy system as a whole, taking into account thermal and 
electric energy side by side. Flexibility measures such as power-to-heat conver-
sion (P2H) with thermal storage are given emphasis in this context. The purpose 
of looking at the system as a whole is to find new ways to increase the system 
flexibility and thus allow larger VRE installations to be done. 

Three main topics are covered in this work. First, it is important to recognize 
the characteristics of the current energy use; that is, to have data that is as de-
tailed as possible about spatial and temporal energy consumption. Traditionally 
urban energy consumption is modeled either spatially or temporally. In this 
work, the aim was to combine these dimensions into a single model with a suf-
ficiently detailed resolution. This type of data is needed in matching energy sup-
ply and demand but also in optimizing the energy system operation and identi-
fying possibilities for systemic innovations and improvements.  

Second, the question of multiple energy carriers and their cooperation and 
mutual conversion is addressed. New ways to provide flexibility are reached for 
by viewing the urban energy on a system level with different energy forms. For 
this purpose a new comprehensive energy-carrier model was developed that in-
cludes control functions and network intelligence. Another improvement com-
pared to the existing literature is the possibility of incorporating both macro and 
micro levels to the same model. The model makes use of the detailed data from 
the spatio-temporal consumption model (e.g., Helsinki, Finland and Shanghai, 
China). As an example of the use of this model, the limitations of urban energy 
infrastructures on the solar energy potential on a city-level (Concepción, Chile) 
was investigated. This was done in a novel way by combining highly-detailed 
solar potential mapping with the energy-carrier model developed in this thesis. 

Third and finally, the question of the combination of traditional energy sys-
tems with large-scale VRE integration is discussed. The thesis considers the 
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consequences of large-scale VRE for traditional power plants, as well as the op-
timal way to operate energy systems under large VRE schemes. There are sev-
eral dispatch models available. However, many of these are non-linear, which 
often leads to long computation times. In addition, the existing models are often 
limited to one energy form or few power plants only. The aim here was to cover 
the whole urban energy system including both the electricity and thermal energy 
sectors, but still keeping the simulation model user friendly and quick. 

1.3 Thesis outline 

The thesis is structured as follows. The first chapter presents a general back-
ground of the topic and presents the objectives of the study. Chapter 2 gives a 
concise presentation of energy systems in urban areas. Chapter 3 gives a short 
overview of different flexibility methods and technologies in energy systems 
(Publication I). In the three following chapters, three different models are pre-
sented: Chapter 4 handles the spatiotemporal load profile formation (Publica-
tion II), Chapter 5 presents the multi-energy carrier model together with spatial 
energy flows (Publication III), and Chapter 6 describes the optimization model 
created for energy system operation with large-scale renewable energy schemes 
(Publication V). The next two chapters (7 and 8) present the results from the 
simulations and optimizations; specifically Chapter 7 focuses on Helsinki, Fin-
land, and Chapter 8 focuses on Shanghai, China and Concepción, Chile. The re-
sults are gathered from Publications II–VI. The model developed in Publication 
III is used, with minor appropriate modifications, in calculating the results for 
Publications IV and VI. Finally, Chapter 9 summarizes and concludes the thesis. 
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2. Urban energy systems 

The modern lifestyle is dependent on a constant and secure energy supply. En-
ergy is needed in several forms, such as electricity, heating and cooling, and 
fuels. Commonly, electricity is the main focus of the discussion of energy, as it 
is needed in most of our modern appliances and in areas from communication 
to industrial activities, services and lighting. However, to keep societies work-
ing, other forms of energy are also important, and all forms must be considered 
in order to understand the whole energy scheme and the challenges posed by 
climate change and limited natural resources. Energy systems are ways of pro-
ducing energy and delivering it to consumers. This chapter is a concise presen-
tation of electric and thermal energy systems, focusing on urban areas.  

2.1 Electric power systems 

Electric power systems are complex combinations of networks, production 
units, transformer stations, end-use connections, and market operators. Their 
job is to guarantee a secure and constant power supply to consumers. 

Traditionally, electricity is produced in power plants by burning fossil fuels. 
In 2013, more than 40% of all electricity in the world was produced by coal, 
while 22% was produced by natural gas. Hydropower is the largest renewable 
source, with a 16% share [15]. All these energy sources are controllable; thus, 
the traditional way of balancing supply with demand has been controlling the 
supply side. However, new variable renewable power sources, such as solar and 
wind power, are increasing rapidly; as such, it is obvious that new balancing 
methods are required [16]. 

Electrical grids deliver power from the generating plants to consumers. The 
plants are connected to energy systems through transformers that change the 
voltage of the generated power to the necessary level. The long-distance trans-
mission is typically done by high-voltage lines with a voltage that is typically 
between 110–800 kV [17,18]. In cities, the local grid is typically connected to the 
national or other larger-area transmission network. 

A city network also typically consists of different voltage levels. For example, 
the main trunk lines could be high-voltage lines, like the national grid, whereas 
the actual distribution grid is typically a low-voltage grid, with voltages below 
50 kV, and it is connected to high-voltage lines with transformer stations. Along 
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the distribution grid, power stations that are close to actual end users convert 
the voltage to the 230 V or 110 V typically used in domestic power plugs [19]. 

The balance between supply and demand must be maintained in order to keep 
voltage and frequency stable in the grid. The voltage drops in a network line 
because of current flowing through loads and impedances along the line. To 
keep the power system running, the power stations have to regulate the voltage 
to stay within a tolerated margin [19]. Distributed generation (e.g., small-scale 
solar and wind power) compensates for the voltage drop in the lines, which can 
be utilized in power system design [20]. 

In the future, as distributed and variable generation increases, new kinds of 
technological solutions to power system operation will also probably arise. For 
example, the role of the urban power grid may change from a one-way channel 
of power delivery into a way of balancing spatial differences in supply and de-
mand. This leads to different smart grid concepts, which enable all parties of a 
power system to participate actively in the power system operation and balanc-
ing [21,22]. Smart grids are discussed further in Chapter 3.2.5. 

2.2 Heating and cooling 

The need for comfortable room temperatures forms one of the largest shares of 
total energy consumption. In urban areas, heating and cooling systems typically 
consume more energy than electrical appliances [12]. Heating energy is needed 
in two forms: space heating and domestic hot water.  

The most common form of heating in the world is local heat production. There 
are several options for this form of production, including furnaces or boilers 
burning wood, natural gas, propane, or fuel oil. Electricity can also be used to 
provide heat through electric resistance or heat pumps [23]. In sunny regions, 
solar thermal collectors are common, especially in water heating [24]. Lately, 
the role of architecture in heating demand for buildings has strengthened, as 
zero-energy buildings have become increasingly popular [25]. 

An alternative to local production is district heating (DH), which is now avail-
able globally. For example, in Europe, the share of district heating is about 10% 
of the heating market [26], and it is particularly widely used in Nordic countries 
[27]. DH systems are especially suitable for urban areas, whereas the losses of 
heat transfer would grow too large in sparsely-populated locations [28]. 

The idea of DH is to produce heat centrally, usually in large units or CHP 
plants, and then to deliver this heat to consumers through hot water or steam 
pipelines. These lines are built with two pipes; the first pipe carries the hot water 
(or steam) to the customers, where the heat is delivered directly or through heat 
exchangers to heating appliances or heat storage. Afterward, the cooled fluid 
returns to the heating station inside the other pipeline. The system is operated 
by pumps that pressurize the system and keep the fluid moving [28]. 

The demand for heating varies according to outside temperatures, but the 
heating systems must be able to deliver enough heat during the coldest months 
of the year. Thus, different types of heat production units are needed in the DH 
systems. The base load could be satisfied, for example, by CHP or nuclear power 
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plants operating throughout the year, but a reserve capacity is needed for colder 
periods. Heat-only boiler stations are commonly used, but heat pumps [29] and 
central solar heating [30,31] may also be used to provide heat for DH network 
[32].  

Easy storage of heat is one advantage of district heating systems. Large hot 
water tanks are relatively cheap to build and connect to the heating network, 
which also has its own storage capacity. The water temperature inside the pipes 
can be increased, thus giving short-term storage capacity for sudden variations 
in demand [28]. 

Similarly, cooling is also needed to keep room temperatures at a comfortable 
level. The most common cooling techniques are local small-scale techniques and 
appliances, such as ventilation [33], air conditioning [34] or absorption cooling 
[35,36]. Nowadays, district cooling systems are also becoming more popular. 
Their operation principle is quite similar to district heating, but in reverse: ther-
mal energy is transmitted from the customer to the district cooling system 
[37,38].
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3. Energy system flexibility (Publication 
I) 

3.1 Flexibility challenge of renewable integration 

A power system has to guarantee a continuous energy supply that matches the 
fluctuating demand. Traditionally, different types of controllable power plants 
have ensured this energy balance. However, with increasing amounts of variable 
renewable energy generation, new kinds of flexibility measures are required 
[39]. In addition to temporal balance, spatial flexibility is also needed, as the 
capacity of distribution and transmission networks may limit the balancing op-
portunities [40]. 

Especially in electric power systems, the demand and supply must be in bal-
ance at each time point, and the system is able, up to a certain point, to cope 
with variations and uncertainty. In electric systems, the flexibility relates close 
to grid frequency and voltage control, as well as the security of supply and power 
ramping rates [41]. For example, a portfolio of power plants with different re-
sponse times has traditionally been used to provide the necessary flexibility 
[42].  

As energy production is becoming more distributed and variable, the old sys-
tem will need to continue to operate side-by-side with the new technologies for 
decades to come. In order to keep the demand and supply in balance in the fu-
ture, a wide selection of different technologies will be of importance [40].  

Publication I presents a broad review of current and future technologies that 
could fulfill the flexibility required. The article covers both supply- and demand-
side options as well as network infrastructure, storage, and energy market ques-
tions. Advanced technologies, such as power-to-X or vehicle-to-grid, are also 
included. 

3.2 Flexibility technologies  

3.2.1 Supply-side flexibility and grid services 

Traditionally in power systems, the balance between supply and demand has 
been maintained by power plants and grid operators. Supply-side flexibility co-
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vers the measures and technologies to modify the output from the power gener-
ation units in order to make the demand and supply match. Grid operators, such 
as transmission system operators (TSO), are responsible for keeping the power 
grid in balance. In addition to controlling the output of power plants, other 
measures, namely grid ancillary services, can also be used for this purpose. 

These ancillary services are generic measures to maintain the balance at dif-
ferent time scales, from power quality and regulation with, for example, fly-
wheels and batteries (1 ms – 5 min), to spinning and power plant reserves (5 
min – 1 h), to longer (1 h – months) load shifting with large storage facilities 
[43,44]. 

The ability of power plants to respond to demand fluctuations depends on the 
type of plants they are. The characteristics of different plant types are listed in 
Table 1. Typical examples of base-load power plants include nuclear and coal 
power plants. These are designed to operate mainly at constant (preferably 
nominal) power, and ramping and shut-down are avoided for economical or 
technical reasons. Load-following plants, such as hydropower or gas turbines, 
are run according to the balance situation in the grid. They are quick to start up 
and ramp the output (with response times ranging from seconds to minutes). 
Peaking power plants are used irregularly during high-demand hours [39]. 

Table 1. Key output and ramping parameters of different power plant technologies [39,45]. 

Indicator 
Steam 
turbine 

Gas  
turbine 

Combi-cy-
cle turbine  Engine Nuclear 

Typical unit 
size (MW) 

600–900 10–300 60–400 1–20 800–1600 

Efficiency (%) 40–47 32–38 50–60 45–48 33–37 

Start-up and 
synchronize 
time (min) 

100–600 100–600 30–180 1–15 
120–3000  
(i.e., up to  
2 days) 

Ramp-up rate 
(%/min) 

3–6 5–20 3–6 20–25 
 

Minimum out-
put (%) 

40 50 40–50 30 30 

One option to regulate VRE production is to curtail the output when neces-
sary. Such situations can occur with limited transmission capacity, overly large 
and inflexible base-load generation, and oversupply of VRE [46]. Curtailment 
can quickly reduce the generation, thus dampening rapid changes in power out-
put, but it can also be used to provide reserve power capacity through a ramp-
up margin [47,48]. When curtailing, some electricity is always lost; however, 
this is acceptable if the small losses enable larger VRE installations. 

3.2.2 Energy storage 

Storage of energy is a way to time-shift the energy supply, which makes tem-
poral mismatches of supply and demand tolerable. Recently, interest in energy 



Energy system flexibility (Publication I) 

21 

storage has increased because of large-scale integration of renewable energy, 
which has led to advances in storage technologies [49]. Well-known examples 
of energy storage are hot water tanks (for storing heat) and fuel containers (for 
fuels), which are economical and technologically simple. Storing electricity is, 
however, more difficult due to high costs and technological challenges. 

Options for storage of electricity with different characteristics are numerous. 
Publication I considers pumped hydro power energy storage (PHES), com-
pressed air (CAES), flywheels, batteries, hydrogen, superconducting magnets, 
and supercapacitors. Some technologies are more suitable for providing short-
term power, whereas others are more suitable for long-term storage. The chosen 
technology depends on the case, as none of the available systems can provide all 
of the desired features: low cost, high efficiency, long lifetime, and high power 
density [50,51]. 

PHES accounts for 99% of the total storage capacity in the world and is thus 
by far the most utilized technology, but CAES and lead-acid batteries are also 
considered as mature technologies [52]. In small appliances, lithium-ion batter-
ies are currently the most widely used technology, due to their high efficiency, 
good energy density and low self-discharge rate. For large-scale grid services, 
however, they are still overly expensive [53,54]. 

The energy efficiency of the power system could be increased with energy stor-
age, as base-load power plants would be able to continue their high-efficiency 
production even during periods of low demand. Also, the economic efficiency 
would be enhanced by using stored energy instead of peak-load power plants 
with high marginal costs [55].  

 

3.2.3 Power-to-X 

Power-to-X (P2X) refers to technologies through where electricity is converted 
to other energy forms, such as heating or cooling, gas (methane or hydrogen), 
and power for electric vehicles. This increases the flexibility of the system by 
providing new options (i.e., degrees of freedom) in the end use of energy. The 
electricity for P2X can be taken from surplus VRE production or from power 
markets when the price is low or even negative. These technologies make it pos-
sible to reduce or even avoid curtailment of renewable energy. 

In power-to-heat (P2H) or, more generally, power-to-thermal (P2T), electric-
ity is converted into thermal energy (i.e., heating or cooling). The main technol-
ogies for this purpose are heat pumps and electric boilers connected to thermal 
storage or air-conditioning units. Typically, thermal energy dominates in final 
energy use, and it is easier and more economical to store. Advantages of P2H 
and P2T also include reductions in emissions of heat production from fossil 
fuels [56]. 

Excess electricity can also be used in power-to-gas conversion (P2G) – that is, 
production of high-value gas products, such as hydrogen or methane. Hydrogen 
can be produced by electrolysis or photoelectrolysis. Synthetic methane is typi-
cally produced through hydrogen and the Sabatier reaction [57,58]. 
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Electric vehicles (including plug-in electric vehicles) provide a way to store 
energy. Combining the batteries of the vehicles actively with the grid is called 
vehicle-to-grid strategy (V2G). The vehicles stand idle most of the time, with 
relatively long (8–12 h) charging windows but short (90 min) charging times, 
resulting in considerably flexible scheduling of storage [59,60]. 

3.2.4 Demand-side management 

Demand-side management covers a wide range of technologies that affect the 
end-use electricity consumption. Contrary to the traditional way of controlling 
the energy supply, its purpose is to modify the demand to better match the sup-
ply. It can be roughly divided into three categories: reducing, increasing, or re-
scheduling the demand. All of these can be used to even out the demand by clip-
ping high peaks and filling valleys of low consumption [61]. Load shifting (i.e., 
rescheduling) typically requires intermediate storage. Examples of demand-
side management include controlling the electric heating in buildings and post-
poning the use of washing machines. An industry with high power consumption 
may reduce or postpone its production when power consumption is high and 
electricity is expensive.  

DSM is able to offer several benefits to power systems and markets. It balances 
the demand and supply in terms of both energy and power, and it operates in 
various time scales. Most DSM applications are used in the time scale of 1–12 h, 
where the largest fluctuations of VRE supply also occur [62]. DSM smooths the 
operation of power markets by reducing price peaks and the average spot price 
[63]. DSM can also lead to economic savings by removing or postponing the 
need for infrastructure expansions, by reducing transmission and distribution 
losses, and by facilitating energy savings [64–66]. 

3.2.5 Novel grid infrastructure 

The flexibility of power systems requires sufficient transmission capacity [67]. 
Spatial differences in power supply and demand can be balanced by a robust 
and well-designed grid and appropriate grid codes [48]. Strong transmission 
lines are also essential for energy markets to function properly. Supergrids, 
smart grids, and microgrids are proposed novel technologies to help with the 
flexibility challenge. 

Supergrids refer to strong transmission networks that typically use high-volt-
age direct current (HVDC) in energy transfer. HVDC technology enables smaller 
electric losses and could be more economical in long-distance power transfer. 
Thus, it could be used to connect large remote VRE installations with demand 
[68,69]. 

Recently, smart grids have generally been considered as a key technology for 
efficient VRE integration. The goal of smart grids is to optimize the operation of 
the energy system and to enable new and more efficient energy market struc-
tures by connecting energy producers, consumers, network companies and stor-
age facilities intelligently together. This requires automation, robust two-way 
communication technology and advanced metering. Smart grid development 
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aims at achieving improved power supply reliability and reduced ecological im-
pact, while avoiding costly investments by finding new options for securing en-
ergy supply [21,22]. 

Microgrids are small local energy networks that can meet the demand of local 
consumers. These may include local generation (micro-CHP, VRE), storage, and 
demand-side management. They can be built in isolated locations, but also as a 
part of a larger grid system, where the microgrid significantly improves the local 
power reliability by offering a solution if the power supply from the larger sys-
tem fails. Furthermore, microgrids could be used as a component to balance 
voltage fluctuations in larger systems [70,71].
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4. Spatiotemporal consumption profiles 
(Publication II) 

To better understand the operation of energy systems of cities, one must have 
detailed information about consumption in terms of both space and time. De-
tailed spatiotemporal data about consumption allows for better planning of 
large-scale renewable energy generation and smart-grid operations, as well as 
understanding their effects on energy networks and the overall system opera-
tion. 

Typically, energy consumption in cities is modeled either temporally or spa-
tially. Publication II presents a model to combine these dimensions and to cre-
ate so-called spatiotemporal load profiles. It is based on the spatial division of 
temporal profiles P(t) to P(x,y,t). The model guarantees that the original load 
profile P(t) stays unmodified. For spatial division, the model uses spatial data 
of urban structure, such as population and work-place distribution, but also 
building type and land-use data. 

The accuracy of the profiles produced depends on the available input data. The 
model can also be used with coarse data by utilizing different urban structure 
models, as demonstrated in Publication II with the Shanghai case. 

4.1 Input data 

The model is based on classifying energy consumers into consumer classes. A 
typical rough division of consumer classes involves using classes: residential, 
services and manufacturing. These can be further divided into sub-classes: the 
‘residential’ class may include single-family houses and apartment buildings, 
whereas the ‘services’ class may include offices, healthcare, educational build-
ings, restaurants and commercial buildings. This division depends on the data 
available in the city. 

As input data, the model requires the consumption time series of the whole 
city, and the consumer classes’ annual consumption numbers and temporal 
base profiles. In the absence of annual consumption numbers, floor areas (m2) 
can also be used with typical energy intensities (MWh/m2/year) of the classes. 
The base profiles are relative load profiles revealing how the consumption of a 
consumer class is distributed over time. Their yearly integral over time (or sum 
over discrete time steps) is equal to 1. 
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For spatiality, the data required are data about the spatial distribution of the 
classes in different districts of the city. These data sets include, for example, 
population densities and floor area data in the districts. If detailed spatial data 
about the urban structure and the building locations are not available, mathe-
matical models for urban structure can be used. For example, in Publication II, 
the following exponential density model [72] was used: 

  (1) 

where  describes the maximum density of an urban structure,  is the dis-
tance from the city center,  is the location of the maximum density,  is the 
width parameter of the density distribution, and  is a constant describing the 
minimum density throughout the area. 

4.2 Formation of spatiotemporal load profiles 

A visual illustration of the model is presented in Figure 1. For clarity, it shows a 
case with no sub-classification of consumer classes. If sub-classes are used, the 
process for them is similar to the one described here, with the total city load 
profile replaced by a load profile of the original consumer class. 

4.2.1 Scaling base profiles to match the city demand 

The procedure begins by multiplying the base profiles  with the correspond-
ing annual consumption . Subscript  refers to consumer classes. The multi-
plification forms a bottom-up type of preliminary load profiles for the classes. 
Their sum represents the total consumption of the city.  

If the original total city profile  is known, the summed profile (proba-
bly) does not match it. Therefore, independently at each time step, the summed 
profile is scaled to match the city profile . The scaling factor is indicated 
by . The final load profiles  for the consumer classes are, thus, of the 
form 

  (2) 

where  

  (3) 

4.2.2 Sub-class division 

If sub-class division is used for consumer classes, profiles  must be further 
divided into , with  indicating the sub-class. This is done similarly to 
forming class profiles . The sub-class base profiles  are multiplied with 
annual consumption of the sub-class; that is,  or , where  is the total 
floor area of sub-class  in the city, and  is its typical energy intensity. 

These multiplied base profiles are again scaled up or down so that their sum 
profile corresponds to the load profile of the upper class . That is 
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  (4) 

where  

  (5) 

 

   

Figure 1. Schematic representation of the model for creating spatiotemporal load profiles. Repro-
duced with permission from Publication II. Copyright 2014 Elsevier. 
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4.2.3 Spatial division 

After temporal load profiles for consumer classes and sub-classes are formed, 
they are divided spatially according to any spatial data available. Here it is as-
sumed that the division is made by floor area distribution , but any other 
density unit could be used (in Figure 1, general density  is used). The load pro-
file of class and sub-class  for location  is  

  (6) 

The final total load profile of location  is formed by summing these class-
by-class load profiles of the location together: 

  (7) 
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5. Multi-carrier energy networks (Publi-
cation III) 

 
The energy system consists of several energy production, conversion, and dis-
tribution processes. Typical examples are conversion chains from primary en-
ergy into a utilizable form – in other words, energy commodities (or energy car-
riers), such as fuels, electricity and heat. These are transported and distributed 
to consumers by energy networks, such as power grids, gas distribution lines, 
and district heating networks. The commodities can also be converted into each 
other (e.g., gas into electricity and heat, or electricity into heat and cold). Note 
that low-exergy heat cannot be converted into high-value energy products. 

A multi-energy concept refers to technologies and practices in which different 
energy carriers are distributed, converted between each other, and stored opti-
mally for the whole system. For example, the share of thermal energy in the final 
energy mix of built environments could be two to three times higher than that 
of electricity [12]. Thus, taking the thermal energy system into account when 
operating the electric system could provide significantly more flexibility and op-
tions for matching demand and supply. Storage of thermal energy is also signif-
icantly easier and cheaper. Another example is that of power-to-gas technolo-
gies, which convert renewable electricity into gas when excess production is 
available. Multi-energy thinking makes it possible to oversize the VRE produc-
tion by utilizing the electricity that could not be fed into the electric distribution 
system, thus yielding notable VRE production during modest wind or solar con-
ditions. 

Publication III  introduces a concept for multi-energy simulations based on 
spatiotemporal data on urban energy consumption. In Publications IV and VI, 
the model is used for energy system analysis with more detailed input data. 

5.1 Structure of the multi-carrier energy systems model 

The energy system is modeled here with a combination of nodes that are con-
nected by lines forming networks, though not all energy networks will neces-
sarily have the same spatial coverage. Depending on the case and the desired 
spatial accuracy, a single node can represent a neighborhood, a block or a single 
building of a city. Each node is typically equipped with time series of energy 
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consumption (such as electricity , heat , and cold ). Furthermore, a ge-
neric node may contain different functionalities, such as energy production ( ), 
storage ( ), and mutual conversion ( ) of energy carriers (electricity, fuel, heat, 
cold). In practice, the nodes may not include all the functionalities simultane-
ously but may contain some simple combination of them. Figure 2 shows an 
example of a generic node. Since the nodes are connected to each other by net-
works, each node also has incoming and outgoing energy flows (  and ). 

 

 

Figure 2. Representation of a generic node with different functionalities: energy flows ( ), pro-
duction ( ), consumption ( ), storage ( ), and mutual conversion of energy forms ( ). Sub-
index  refers to electricity,  to heat,  to cold,  to fuel, and  to any of these. 

Figure 3 shows an example of two energy networks covering the area divided 
into nodes. The networks are connected to each other by intersecting nodes, in 
which the conversion occurs and the energy moves between the networks. These 
intersections are marked with dashed purple lines in the figure. The energy net-
works (power grid, district heating (DH) and cooling networks, and gas pipe-
lines) may be connected to a higher-level transmission system. These nodes are 
called energy connectors and marked with circles in the figure. The connector, 
in a power grid, for example, is a transformer station, while in a district heating 
network it is a heat exchanger or a DH substation.  

 

Figure 3. Two energy networks (power grid and district heating network) connected to each other 
by intersections (purple dashed lines). Circles represent energy connector nodes (blue: 
transformer station; red: district heating station with heat exchangers).
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5.2 Energy balance in nodes and flows in network 

Based on the conservation of energy, the energy balance  (i.e., match of sup-
ply and demand) is calculated for each node  and each energy form  at time 
point  

  (8) 

where the terms  and  represent the conversion of other energy forms 
into form  and vice versa, and the term  is the curtailed energy production. 
The storage term  can have either a positive or a negative value depending 
on whether the storage unit is discharging (+) or charging (−). It is assumed that 
the energy losses are included in the corresponding terms.  

Conversion terms may be defined with the efficiency of the conversion process 
between energy forms 

  (9) 

where  represents the amount of the other energy forms allocated for con-
version into energy form . The index  covers all other energy types except . 

In the opposite case, the energy form  is converted into other forms 

  (10) 

The efficiency is typically between 0 and 100%, but can also have values greater 
than 1, such as when using heat pumps in power-to-heat conversion, where  
corresponds to coefficient of performance (COP). 

Eq. (8) states how much of the energy consumption of the node can be satis-
fied by local production, discharging the local storage, and converting other en-
ergy carriers. On the other hand, the equation reveals if there is surplus produc-
tion in the node. If the balance differs from zero, the energy flow in the network 
must compensate for that:  

  (11) 

Flow terms heavily depend on the structure of the network and the operating 
principles of the whole energy system. With a simple non-looped network, the 
power flows in the network can be determined from the condition that a node 
must deliver all the power to the nodes downstream of it. For a line  in the net-
work, this yields a condition 

  (12) 

where notation  refers to nodes that are downstream of line . “Down-
stream” refers to the nodes that are network-wise further from the energy con-
nector (e.g., transformer in a power grid). See Figure 4 for an explanation. For 
a looped network structure, more complicated iterative calculation methods are 
required, such as the Newton–Raphson method [73].  

Multi-carrier energy networks (Publication III) 
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Figure 4. Simple network to explain the terms upstream and downstream. The node marked with 
a white circle is the energy connector (transformer, heat exchanger). The nodes with the red 
background are upstream of the node with the yellow star, while the nodes with the green 
background are downstream of it. 

5.3 Energy system operation in simulations 

To run the energy system simulations, it is necessary to predetermine what to 
do in cases where the local energy production does not match the consumption, 
or in the event that the carrying capacity of the network limits the flows. Which 
actions are taken first? For this purpose, different strategies may be utilized de-
pending on the case. A few examples are listed below: 

1) No conversion–no storage: 
All excess energy production in the nodes is fed to the networks; if they get con-
gested, the VRE production is curtailed. 

2) Local use with conversion and storage: 
The target is to consume all locally produced energy in the same node. Energy 
is converted from one form to another to meet the demand of all energy forms. 
Nodes use their own storage units to avoid feeding energy into networks. 

3) City-wide use: 
The purpose is to keep all produced energy within the city. Conversion may take 
place in several nodes, and it is applied when needed due to congested networks 
or a mismatch between supply and demand. Some energy forms may be stored 
in the nodes. 

4) National transmission: 
Excess electricity or fuel is fed to national networks through energy connector 
nodes. Conversion is applied only if the network gets congested, preventing the 
use of national transmission. Heat is produced within the city or locally in the 
nodes. 
  

Typically, the energy balances are calculated first, and the calculation of power 
flows (as in Eq. (12)) requires balances as input data. Some of the above-men-
tioned strategies, however, require that the possible grid congestion is checked 
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when determining the actions in the nodes and affecting the energy balance. In 
these situations, iterative calculations are needed, starting from the end points 
of the network (i.e., the nodes with no downstream nodes) and proceeding 
node-by-node towards the energy connector node. The energy balance is first 
calculated without any further actions. Next, the power flow in the upstream 
link is checked; in the case of congestion, the required amounts of flexibility 
methods such as conversion or storage are utilized. The power flow is then re-
calculated with an updated value of energy balance.
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6. Optimal use of an energy system un-
der large-scale VRE (Publication V) 

Energy production is gradually transforming from centralized, power plant-
based generation into variable and distributed renewable generation. However, 
the old and new systems will still have to operate side-by-side for future dec-
ades. Thus, it is highly important to understand the effects of increasing variable 
renewable generation on the existing system, especially as the current power 
plant mix may not be designed for large-scale VRE. 

Publication V introduces a mixed-integer linear optimization model to find the 
most economical ways to operate the whole energy system (both electricity and 
heating) under large-scale VRE, consisting of traditional energy production 
plants (power plants, CHP plants, heat boilers), different flexibility technolo-
gies, energy spot markets, and emission costs.  

The model minimizes operating and fuel costs and maximizes revenues from 
energy sales, while the demand must always be satisfied. It can be used to model 
energy systems from single buildings to the city scale. Investment costs of new 
technologies are not included, as the focus is on the effect of VRE integration on 
existing power plants’ operation and economy, and thus on the operation of the 
whole system. 

6.1 Model principles 

The model is based on mixed-integer linear programming (MILP). This formu-
lation guarantees short calculation times and simple modifying of the model by 
easily adding or removing decision variables and boundary conditions. 

The model runs time step by time step, seeking the most economical solution 
that fulfils the requirement of always meeting the energy demand. The optimal 
solution is determined by considering several technical limitations in energy 
balance, energy production plants, and flexibility technologies. Figure 5 shows 
schematically how both internal and external factors affect the system operation 
and thus its optimization. 
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Figure 5. External and internal conditions affect the optimization problem. Reprinted with permis-
sion from Publication V. Copyright 2016 Elsevier. 

Figure 6 presents a schematic representation of the model principles. Time 
series of VRE production (e.g., wind and solar power) and energy consumption 
form the basis of the model (Point #1 in the figure). As input, properties of the 
existing energy system are also given (Point #2), including the technical limita-
tions of energy production plants and energy networks, as well as storage and 
flexibility technologies. 

The mixed-integer linear optimization problem (Point #3) is solved at each 
time step for a given number of future time steps (i.e., optimization horizon). In 
forecasting the future consumption and VRE production, forecast errors should 
be considered, and thus this option is included in the model as well. 

As output (Point #4), the model produces optimal time series of power plant 
operation and flexibility technologies, as well as the costs and profits from sat-
isfying the energy demand. Even though the optimization algorithm yields op-
timal time series for the whole optimization horizon at each time step, only the 
values of the first time step of the horizon are used in the output profiles, since 
the rest of the time steps are updated during the optimization of the following 
time steps.  

6.2 Input and output 

6.2.1 VRE production, consumption, and technical parameters 

Energy consumption (electricity and heat) and VRE production time series are 
given as input. They are used in boundary conditions of the optimization prob-
lem to guarantee that the energy supply always matches the demand. 

The forecast errors can be included in the input time series by modifying the 
actual time series by error terms, which could be formed based on Wiener pro-
cesses (i.e., random walks) [74]. The idea in doing so is to form separate Wiener 
processes starting from each time step. These processes are then cumulatively 
summed up so that the error for the next time step ( ) is based on the Wiener 
process of that time step. The errors of additional time steps ( ) are 
based on the sum of Wiener processes of all time steps between the current and 
the forecasted time step. Finally, the forecast errors are scaled so that their ex-
pected values match the measured forecast errors. 
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Figure 6. Schematic illustration of the MILP model to find cost-optimal ways to operate energy 
systems under large-scale VRE. Reprinted with permission from Publication V. Copyright 
2016 Elsevier. 

The technical parameters of power plants and energy systems are incorpo-
rated as boundary conditions of the optimization problem as well. These include 
characteristics of power plants, such as maximum and minimum power outputs, 
ramping rates, and start-up and shut-down times. For CHP plants, it is neces-
sary to define how tightly power and heat outputs are connected to each other. 
Flexibility measures are defined as well: size of the heat storage, power trans-
mission capacity to upper-level transmission system (e.g., national grid), coef-
ficient of performance (COP) of P2H conversion, and upper limits for curtail-
ment and P2H. 
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6.2.2 Economic parameters 

Economic parameters are used as coefficients in the objective function of the 
optimization, since the target is to minimize the costs and maximize the reve-
nues. The cost of producing energy in power plants is a combination of several 
factors, including the fuel price, operations and maintenance (O&M) costs, 
emission prices, and taxes. In this work, the production costs in CHP plants are 
divided into electricity and heat in relation to the nominal outputs of the energy 
forms. 

Ramping the power plant, especially if it is designed for base-load operation, 
has a degrading effect on the plant, and thus it is thought to have a cost. Thus, 
we have included a cost for ramping in the model, which is defined as euros per 
mega-watt change in the output. 

Income comes from selling energy to consumers within the grid area of the 
energy company. For district heating sales, seasonal pricing is commonly used, 
meaning that the price changes a few times per year. The selling price for elec-
tricity typically depends on the spot price of electricity, which is used in this 
work as the selling price. The price is different when electricity is sold to power 
markets and when it is bought from them. In this work, the spot price is used, 
but it is modified with a margin to take the transfer prices into account. The spot 
price is considered an external factor (Figure 5), which requires that the inves-
tigated area must be small enough compared to the whole energy market of 
which it is a part, so that the internal phenomena do not have significant effect 
on the market prices (e.g., the consumption of Helsinki city (Finland) is only 
about 1% of the whole Nordic–Baltic spot market).  

Operating the flexibility measures can also have costs. Thus, it is possible to 
define the costs of P2H conversion, curtailment, and storage of heat. The model 
also allows for the heat to be wasted, but typically the cost for this is set so high 
that it is avoided as long as possible. 

6.2.3 Output  

During the simulations, the model produces several output time series. These 
include the power outputs from the energy production plants, the amounts of 
electricity and heat sold to consumers, and electricity sold to or bought from the 
spot markets. Additionally, the flexibility measures are recorded during the sim-
ulation: P2H conversion, the state of the heat storage, curtailed VRE production 
and wasted heat.  

All these actions together form the total costs and revenues from running the 
energy system. From those time series, additional results can be calculated, such 
as yearly energy balances, emissions, and capacity factors. 
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6.3 Optimization of energy system operation 

6.3.1 Objective function 

During the simulations, the optimization is run at each time step considering 
the current time step and a number of future time steps (i.e., optimization hori-
zon; see Figure 6). The complete mathematical formulation is presented in Pub-
lication V. The linear optimization problem follows the formulation 

 

 

subject to  

a) Technical properties of energy production plants 
b) Technical properties of balancing methods 
c) Balance of energy demand and supply 

(13) 

The costs from all time steps in the optimization horizon are summed up, and 
the revenues are subtracted from them to form the objective function. Produc-
tion costs include fuel, O&M, and emission costs of energy production, as well 
as possible taxes. Furthermore, ramping costs from changing the output power 
of the plants are included here. Auxiliary variables are needed in the formula-
tion for ramping to keep the model linear. Because the ramping may be positive 
or negative, absolute values would be needed in the objective function to keep 
the cost positive, which would break the required linearity. Balancing costs 
cover the O&M costs of the technologies, but the lost profits from non-sold elec-
tricity are excluded. The revenues from sales include the income from the energy 
sold to consumers in the studied area. The effect of the electricity that is pro-
duced in the city but used in balancing technologies instead of sold it, is shown 
as decreased sales in the revenue term of the function. O&M costs of the energy 
storage are included in the storage costs. 

6.3.2 Operation principles of an energy system – boundary conditions 

The energy production plants typically have minimum and maximum values be-
tween which the output varies when the plant is on. In addition, start-up and 
shut-down procedures take time. These characteristics are included in the 
model by binary variables defining the plants’ current operational state (on, 
start-up, off, or shut-down), and, depending on the state, corresponding limits 
are set for output power. Separate boundary conditions are defined to guarantee 
that the operational state does not change too quickly (i.e., the start-up and 
shut-down times are obeyed). 

The plant operation is additionally restricted by ramping limits, or the maxi-
mum allowed change in output power between time steps. Some plants (e.g., 
heat boilers designed for peak-load operation) may have less strict conditions, 
such as only limiting the maximum output but allowing quick ramping. 

The boundary conditions for balancing methods are kept as simple as possible. 
Thus, their use is limited between zero and a maximum value. For curtailment, 
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the upper limit could be defined as an absolute limit or a relative amount of the 
momentary production. 

An important boundary condition is the balance between demand and supply. 
In this condition, one must include all possible options for energy. The produc-
tion must be equal to the consumption, taking into account curtailment, P2H 
conversion, charging and discharging the storage units, and the electricity im-
port from/export to the national transmission system. If the heat supply exceeds 
the demand after all the balancing measures are fully utilized, the extra heat 
needs to be wasted (but with high cost). 
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7. Results for Helsinki 

Helsinki, Finland, is a northern city in a global perspective with around 
600,000 inhabitants. Its final energy use is dominated by heat, mainly due to 
its location (60 °N). Its current energy supply is almost completely dependent 
on fossil fuels, though CHP production and extensive district heating result in 
high fuel efficiency. The city, however, has a target of becoming carbon-neutral 
by 2050 [75], which requires drastic redesign of the energy system. For these 
reasons, the city was chosen as the main case study for the thesis. 

7.1 Current energy system in Helsinki 

The current energy sources of the municipal energy company of Helsinki are 
shown in Figure 7. The energy supply of the city is based on three large CHP 
plants using natural gas or coal as fuel, providing both electricity and heat to 
consumers. These plants’ production capacity is around 1,000 MW of electricity 
and 1,300 MW of heat. For cold peak conditions during the winter, there are ten 
heat-only boilers in the city, with a total capacity of more than 2,000 MW. Ad-
ditionally, there is a heat pump station able to produce 90 MW of heat to the 
district heating network. These energy generation plants are marked on the map 
in Figure 8. 

Annually, around 4 TWh of electricity is consumed in the city [76]. However, 
the total production capacity of the municipal energy company is 7 TWh, but all 
nuclear and almost all of the renewable production capacity (Figure 7 left) are 
located far from the city. The power plants in Helsinki typically produce some-
what more electricity than the city consumes. For example, in 2014, the CHP 
plants produced 4.7 TWh. 

The annual heat consumption in the city varies between 6–7.5 TWh depending 
on the weather [76]. Over 90% of the heat load is covered by a district heating 
system that has 1,300 kilometers of hot water pipelines [77,78]. In 2015, around 
6.4 TWh of district heat was supplied in Helsinki, of which 88% was covered by 
CHP, 7% by heat pumps, and the rest mainly with heat boilers [79].  
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Figure 7. Left: The energy sources of the electricity production of the municipal energy company 
in Helsinki in 2015, including the shares in the production capacity outside the city (nuclear 
+ renewables). Right: The energy sources of the district heating in Helsinki in 2015. [76] 

 

 

Figure 8. Map of Helsinki city, with total floor area distribution. Large CHP plants are marked with 
A–C (A natural gas, B & C coal), heat-only boilers with D–F (D natural gas, E oil, F coal), and 
heat pump station with G. Reproduced with permission from Publication V. Copyright 2016 
Elsevier. 

Examples of load profiles of electricity and district heating are shown in Figure 
9 and Figure 10, respectively. The heat load includes both space heating and hot 
water. The space heating load depends almost completely on the outside tem-
perature, whereas the hot water demand is fairly constant throughout the year. 
Due to space heating, the overall heat load is strongly concentrated in the win-
ters only, as the consumption during the summers is mainly hot water consump-
tion. In contrast to heating, the electricity consumption depends more on the 
actions of people than on weather conditions, even though weather also has a 
clear effect on the load profile. The electricity consumption is, however, distrib-
uted more evenly on a yearly scale, but there are clear weekly and daily cycles. 
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Figure 9. Temporal load profile of electricity consumption in Helsinki during one year. Repro-
duced with permission from Publication II. Copyright 2014 Elsevier. 

 

 

Figure 10. Temporal load profile of heat consumption in Helsinki during one year. Reproduced 
with permission from the Supplementary material of Publication V. Copyright 2016 Elsevier. 

7.2 Spatiotemporal consumption profiles (Publication II) 

7.2.1 Input data 

The official district division (before 2013) of Helsinki city was used to divide the 
temporal load profiles (Figure 9 and Figure 10) spatially. Some slight modifica-
tions have been made since then to the district borders. The districts are shown 
in Figure 8. The consumers were divided into three main classes: households, 
services, and industry. These were further divided into sub-classes, which are 
listed in Table 2. The subclass division is the same one that is used in the official 
statistics of the city [80].  

So-called standard load profiles based on German experiences [81] are used 
as the base profiles  and  required in Eqs. (2) and (4). The load profiles and 
their use with the consumer classes are explained in Publication II. The total 



Results for Helsinki 

44 

annual consumptions of the consumer classes and subclasses  and  are 
from the Helsinki Environment Centre [82]. In this work, values from 2011 were 
used; in that year in Helsinki, the household electricity consumption was 1.3 
TWh, service sector consumption was 2.9 TWh, and industry consumption was 
0.3 TWh. In 2015, the residential consumption increased by 10%, but service 
and industry consumption decreased by 8–11% compared to the 2011 values.  

The building distributions of different consumer types (i.e., subclasses) were 
obtained from the statistics of the city [83]. The total floor area distribution is 
shown in Figure 8. Two examples of building distributions of consumer classes 
are shown in Figure 11: a) households and b) office buildings. The residential 
buildings are located more evenly throughout the city, whereas the office build-
ings are mainly concentrated in the downtown area. 

Table 2. Consumer class division used in Helsinki. Reproduced from Publication II with permis-
sion. Copyright 2014 Elsevier. 

Households  Services Industry 
Detached houses Commercial Industry 
Row houses Office Storage 
Apartment houses (less than 4 floors) Traffic  
Apartment houses (4 floors or more) Healthcare  
 Recreational  
 Education  

 

Figure 11. Examples of floor area distributions of consumer classes in Helsinki; a) households, 
b) office buildings. 

7.2.2 Spatiotemporal consumption profiles – results 

Figure 12 illustrates how the electricity consumption behaves spatially during 
a typical working day in Helsinki. In the city center and other office areas, the 
demand peaks at noon or in the late morning hours, whereas in the residential 
areas further from the city center, the consumption peaks around 7–8 pm. A 
milder peak occurs during the morning hours of 6–8 am, before people leave for 
work. 

The highest peaks in electricity load in the neighborhoods over the whole year 
are found in the city center in early February. A level of 80 MW/km2 can be 
reached during the coldest times. In residential areas some kilometers away 
from the center, the peak load reaches only 3–6 MW/km2. 
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Figure 12. Spatial electricity load of an average working day in Helsinki between a) 2–3 am, b) 
11–12 am, c) 7–8 pm. Reproduced with permission from Publication II. Copyright 2014 Else-
vier. 
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Figure 13. Relative load profiles from three districts of Helsinki. Kluuvi is a district in the city center 
with a high share of office buildings; Punavuori has both apartment buildings and offices; and 
Puistola is an almost completely residential area with many detached houses. Reproduced 
with permission from Publication II. Copyright 2014 Elsevier. 

Relative load profiles of three selected districts are illustrated in Figure 13 (lo-
cations shown in Figure 12). Kluuvi is an office and commercial district in the 
city center, whereas Puistola is a neighborhood of mainly detached and row 
houses in the northern part of the city. Finally, Punavuori (in the immediate 
vicinity of the city center) is a mixture of these two, with a remarkable share of 
apartment buildings but also many offices and service buildings. In the down-
town areas (Kluuvi), electricity consumption peaks during the working hours, 
whereas in the residential area (Puistola), the peaks occur in the morning and 
in the evening. The peak power consumption in these districts is more than two 
times higher than the off-peak consumption during the night hours. The profiles 
are also significantly different on the weekends in the different types of areas. 
The residential areas have high consumption numbers during weekends, 
whereas in the office areas, the consumption stays lower on weekends than 
weekdays. 

Validation of the results was difficult due to the lack of data from the districts. 
Therefore, a simple comparison was made with aggregated annual values. The 
consumption of the residential sector was 1,500 GWh according to the model, 
whereas the measured value was 1,300 GWh. The model showed a consumption 
of 2,800 GWh (with 2,900 GWh being the measured value) for the service sec-
tor, while it showed 260 GWh (290 GWh measured value) for the industrial sec-
tor. The modeled values can be considered satisfactory, with a maximum devi-
ation of 15% in the results. 

7.3 P2H conversion enables more VRE (Publications III and IV) 

As the city of Helsinki has a well-established district heating network that ac-
counts for more than 90% of the city’s heat consumption, it was studied in this 
work whether the flexibility of the energy system could be increased through 
power-to-heat conversion, which could lead to larger VRE capacity. Converting 
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electricity into heat is associated with poor exergy efficiency (second law of ther-
modynamics), even though the first-law efficiency (energy quantity) could be as 
high as 300% when using heat pumps.  

There are, however, several factors in favor of P2H. Firstly, the heat demand 
in a built environment is large [12]. Secondly, the heat system has greater inher-
ent inertia compared to the electric one, and the storage of heat is easier and 
cheaper. Furthermore, by using heat pumps, the thermal output could be in-
creased with the same amount of electricity. Finally, P2H enables the use of 
more VRE in the electricity consumption by allowing the VRE production to be 
oversized, and as the capacity factor of VRE is clearly less than 1, the amount of 
converted energy in P2H is not proportional to the curtailment level of power 
but closer to the capacity factor of VRE (0.2–0.35 for wind) [56,84] (Publication 
IV). 

7.3.1 Wind power with P2H and thermal storage 

Integration of large-scale wind power was spatiotemporally analyzed in detail, 
together with a large P2H scheme. The consumption values of 4.4 TWh for elec-
tricity and 6.6 TWh for heat were used in the analysis, and the spatial consump-
tion profiles introduced in the previous chapter (Chapter 7.2) were used. The 
wind power scheme consists of three wind power farms that are connected to 
the grid close to the CHP plants (locations shown in Figure 8). The connection 
points were chosen because of the strong electric network in the locations. The 
amount of wind power was varied from zero to up to 4,000 MW with a unit 
output of 3.14 GWh/MW. P2H conversion was done with electric resistance 
(COP = 1) or heat pumps (COP = 3), and three different heat storage schemes 
were included (no storage, limited to 100 GWh, and unlimited). 

The self-use limit of VRE is the maximum amount of installed capacity where 
the energy production  does not exceed the consumption  on an hourly basis 
(  always ). With wind power, the self-use limit in Helsinki is around 
400 MW, which covers 27% of the city’s electricity consumption. If the wind 
power installations are increased above this limit, part of the production needs 
to be curtailed or exported outside the city. 

Figure 14 shows the share of wind power in total electricity consumption and 
the share of P2H-produced heat in total heat demand with different amounts of 
installed wind power and different P2H strategies. The linear increase of the 
share of wind power in electricity consumption starts to slow down after the 
self-use limit (400 MW). Oversizing the wind power capacity, however, provides 
benefits on the electricity side as well, as the share of wind in electricity con-
sumption continues to grow after the self-use limit. The surplus production is 
converted into heat. With 2,000 MW of wind power and 100 GWh of heat stor-
age, more than 60% of the electricity and 70% of the heat that is needed could 
be produced with wind power. By comparison, without thermal storage, only 
slightly more than 30% of the heat could be delivered and more than half of the 
wind-based heat would be lost.  
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Figure 14. Yearly share of wind power in electricity (black line) and heat consumption (purple, 
green and red lines) with different wind power amounts and operating strategies. Reproduced 
with permission from Publication IV. Copyright 2015 Elsevier. 

7.3.2 Effect of network structure 

The importance of network structure and the location of the connection point 
are described with a simplified model of the city of Helsinki (Publication III). 
Figure 15 shows the spatial consumption profiles and simplified non-looped en-
ergy networks used in the simulations. The spatial distribution of consumption 
is based on a radial consumption profile of Eq. (1). Different connection points 
for a large-scale wind power plant were studied (A–C in Figure 15). 

Table 3 summarizes the different cases and their results. The first option con-
sidered for the connection point was on the shore side at the end of a major 
trunk line of the power grid (point A). At this point, the maximum power chan-
nel was around 100 MW, while the heat network could deliver up to 35 MW of 
thermal energy by P2H at the same point. If P2H were also used in the down-
stream locations of point A, the wind power capacity could be increased by 50% 
from the non-P2H case to 150 MW. 

Next, point B was considered. It is closer to the main junction of the electric 
trunk lines, but it is also along the strong line in the heat network. The superior 
location in the power grid already triples the wind capacity that is seen without 
P2H, but P2H could further increase the wind capacity to more than 1 GW, while 
simultaneously producing 11% of the heat demand of the city by P2H. Addition-
ally to point B, point C is a similar node along the main lines of both networks. 
Without P2H, these points together would allow for a capacity of more than 600 
MW of wind power. With the increased flexibility offered by P2H, the wind 
power capacity could be increased to nearly 2 GW. 

If heat pumps (COP = 3) were used instead of electric resistance, the wind 
capacity could be reduced while maintaining the same share of P2H in heat de-
mand. In the case of point A, the wind capacity would decrease by 8–23 MW 
from the values in Table 3.  
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Figure 15. Spatial distribution of electricity (top) and heat (bottom) demands in MW/km2 for sim-
plified Helsinki simulations. Left: average demand, right: peak demand. Spatial resolution: 1 
km × 1 km. Reproduced with permission from Publication III. Copyright 2012 Elsevier. 

 

Table 3. Effects of P2H conversion and the location of the wind power connection on the acces-
sible wind power capacity. A COP of 1 was used in these results. Reproduced from Publica-
tion III with permission. Copyright 2012 Elsevier. 

Conversion strategy and grid 
connection point of wind 
power  

Max. 
wind 
(MW)   

Heat by P2H, 
peak (MW) /  
total annual 
(GWh) 

Share of 
wind in 
electric-
ity (%/a) 

Share of 
wind in 
heat 
(%/a) 

Wind power at Point A     
  No P2H conversion 
  P2H at Point A 
  P2H downstream of A 

101 
135 
153 

- 
35/0.27 
53/9.6 

5.3 
7.0 
7.7 

- 
0.037 
0.15 

Wind power at Point B     
  No P2H conversion 
  P2H at Point B 
  P2H downstream of B 

319 
1070 
1080 

- 
769/754 
779/770 

16.7 
38.5 
38.6 

- 
11.4 
11.8 

Wind power at Points B & C     
  No P2H conversion 
  P2H at Points B & C 

609 
1943 

- 
1367/1293 

31.7 
71.6 

- 
19.6 
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These results demonstrate that the capacity for VRE could be increased when 
moving from the city periphery toward the strong grid points and optimal junc-
tion points for P2H conversion. P2H offers a major increase in possible VRE 
production. Point A could deliver around 8% of the yearly electricity demand in 
Helsinki; point B, 39%; and points B and C together, 72%. In all final energy use 
(excluding the transport sector), the percentages are 3%, 22% and 40%, respec-
tively. 

7.4 Energy system operation with CHP plants and large-scale 
wind power (Publication V) 

To study the effects of large-scale VRE integration on the existing power plants 
of Helsinki, the optimization model of Publication V (Chapter 6 in this thesis) 
was used with large wind power schemes. Scenarios of up to 1,500 MW of wind 
power were considered, an amount that roughly corresponds to the yearly elec-
tricity demand of the city. The option of linking wind power to the heat demand 
through a power-to-heat (P2H) conversion was also studied, as doing so in-
creases the flexibility of the system, thus solving the possible mismatch between 
power supply and demand. 

Three specific cases were analyzed: 1) the reference case with wind power in-
tegrated into the power system without any flexibility measures; 2) wind power 
with large-scale P2H conversion connected to the district heating system 
through electric resistance heating (COP=1); and 3) wind power with P2H con-
nection to the district heating through heat pumps (COP=3). 

7.4.1 Parameters for Helsinki energy system 

The power plants and their main characteristics are listed in Table 4. Detailed 
lists of all the values for technical and economic input parameters are included 
in Publication V, but a short summary is given here.  

 

Table 4. Main power plant characteristics used in the Helsinki case. The letters A–F refer to sym-
bols in Figure 8. NG refers to natural gas. Partly reproduced from Publication V with permis-
sion. Copyright 2016 Elsevier. 

 Plant Fuel 
Electr. 
(MW) 

Heat 
(MW) 

Min. output 
(% of max.) 

Max ramping 
(%/min) 

A Vuosaari CHP NG 630 580 50 4 

B Hanasaari CHP Coal 220 420 40 3 

C Salmisaari CHP Coal 160 300 40 3 

D Heat boilers NG – 360 0 4 

E Heat boilers Oil – 1900 0 5 

F Heat boilers Coal – 180 0 3 

G Katri Vala heat pump Electr. – 90 0 – 
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An overall efficiency of 90% was assumed for the CHP plants, and a constant 
ratio of power to heat outputs was used. Furthermore, the coefficient of perfor-
mance of the heat pump plant was also assumed to be constant (COP = 3). In 
the P2H cases, the storage capacity of the district heating network is utilized. A 
capacity of 5 GWh was assumed, roughly corresponding to a temperature dif-
ference of 50 °C in the lines. 

The hourly spot price from Nord Pool [85] was used as a selling price for elec-
tricity, and the district heating price was taken from the local energy company 
Helen [86]. Production costs include fuel costs, operations and maintenance 
(O&M) costs, and costs from carbon emissions based on the European emis-
sions trading system (ETS). Fuel costs are from Statistics Finland [87]; for nat-
ural gas, a price of 51 €/MWh was used, and for coal, 36 €/MWh. Investment 
costs are excluded, since the optimization is done only for the energy system 
operation.  

7.4.2 Effects of wind power and P2H on plant operation 

Figure 16 illustrates the effects of increasing wind power installations on the 
traditional CHP production in Helsinki. Rising shares of wind power decrease 
the CHP production, as expected. However, in the reference case without P2H, 
only gas CHP is being replaced by wind, as the current price ratio of coal and 
gas favors the coal-based production over gas CHP. Interestingly, the decrease 
in CHP production levels out at high shares of wind. This leveling stems from 
the large need of locally produced heat in the city and results in high amounts 
of exported electricity (Figure 17). The coal plants have lower power-to-heat ra-
tio and lower fuel price, which makes them preferable in heat production. Fur-
thermore, because of the need for heat, wind power alone would not be able to 
decrease the emissions of the city.  

When adding flexibility to the system through large-scale heat pump installa-
tions, the gas CHP gains an advantage over coal. The P2H “electrifies” the heat 
production, which favors the higher power-to-heat ratio of combined-cycle gas 
CHP. In addition, the more electric energy system prefers gas CHP due to its 
higher flexibility in ramping the output power.  

The flexible P2H case with heat pumps thus results in a clearly smaller share 
of coal CHP, which also positively affects the CO2 emissions. Using heat pumps 
alone (even with no wind power) would decrease the emissions by roughly 30%. 
Moreover, decreasing shares of fossil CHP with increasing shares of wind power 
would reduce the emissions even further. For example, 1,500 MW of wind to-
gether with P2H would drop the emissions by almost 60%. Additionally, the ex-
port of electricity would be reduced and the import increased, resulting in a bet-
ter balance. 

 



Results for Helsinki 

52 

 

Figure 16. Electricity produced by CHP plants with wind power and different P2H schemes. Ref-
erence: no P2H; COP 1: large-scale P2H with electric resistance heating; COP 3: large-scale 
P2H with heat pumps. Reproduced with permission from Publication V. Copyright 2016 Else-
vier. 

 

 

Figure 17. Import and export of electricity with wind power and different P2H schemes. Refer-
ence: no P2H; COP 1: large-scale P2H with electric resistance heating; COP 3: large-scale 
P2H with heat pumps. Reproduced with permission from Publication V. Copyright 2016 Else-
vier.  
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The use of heat boilers would also be reduced drastically by using P2H. Al-
ready, resistance heating (COP=1) and 1,500 MW of wind power would reduce 
boiler use by 76–88%. With heat pumps (COP=3), all the boilers could, in the-
ory, be removed. It might, however, be reasonable to leave some boiler capacity 
in the city for extreme peak conditions. Reasons for doing so might include a 
requirement of higher water temperature in the heat network than can be 
achieved with heat pumps, or of a higher capacity factor for P2H (in the modeled 
cases between 18–33%). Increasing the heat pump capacity above the modeled 
500 MW (electric power) would not further decrease the CHP or boiler opera-
tion; rather, it would just lead to increased electricity imports from the spot 
market during the low-price hours.  

The Emissions Trading System (ETS) includes all large power plants in the 
European Union. Thus, the effect of the price of CO2 on the results was analyzed 
in this work. Currently, the price is around 10 €/tCO2, and it was compared 
against two other prices (0 €/tCO2 and 40 €/tCO2). Figure 18 shows how in-
creasing the emission price shifts production from coal to gas, and this shift oc-
curs much more radically with a higher emission price (40 €/tCO2). However, 
at large shares of wind power, the gas plant alone is not able to cope with the 
increasing variability in the net demand, and thus the shift from coal to gas is 
significantly smaller. With heat pumps, the share of gas CHP decreases with in-
creasing emission price. A large-scale heat pump scheme with an emission price 
of 40 €/tCO2 would eliminate almost all coal use in Helsinki. 

 

  

Figure 18. Electricity produced by CHP plants with wind power and emission prices (ETS, 
€/tCO2). Left: reference case without P2H; right: P2H with heat pumps (COP=3). Reproduced 
with permission from Publication V. Copyright 2016 Elsevier. 
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8. Results for other cities 

8.1 Shanghai, China 

Shanghai is a megacity in a developing country with rapidly increasing energy 
consumption [88]; thus, it is highly important to study this city’s energy system 
structure and possibilities for renewable integration in order to avoid further 
investments in fossil energy and possibly to reduce its use. 

8.1.1 Spatiotemporal profiles with limited input data (Publication II) 

The model presented in Chapter 4 and Publication II was also applied to the 
case of Shanghai, which offered limited spatial input data. In 2010, the electric-
ity consumption in the city was 130 TWh, of which 55% was the share of indus-
trial loads and 13% was the share of residential loads [89]. The electric load pro-
file of the whole city is shown in Figure 19. It reaches its maximum values during 
summers, when the cooling load is high.  

Radial density distributions were used in this case. The city is divided into 16 
districts, of which the densities of population, industrial employees, and office 
floor area are known [90]. Eq. (1) is fitted to these values, and the resulting den-
sity profiles are used as an input for the model to produce the spatiotemporal 
load profiles. 

 

Figure 19. Electricity load profile of Shanghai, China. Reproduced with permission from Publica-
tion III. Copyright Elsevier 2012. 
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Figure 20. Simulated spatial consumption in Shanghai. Left: average load; right: peak load. Spa-
tial resolution in the figure is 1 km x 1 km. Reproduced with permission from Publication III. 
Copyright 2012 Elsevier. 

 

Figure 21. Simulated temporal electricity load profiles at different distances from the Shanghai 
city center. Reproduced with permission from Publication III. Copyright 2012 Elsevier. 

The resulting spatiotemporal load profiles are shown in Figure 20 and Figure 
21. The temporal profiles resemble each other at different distances, because the 
consumer classes were assumed to spread throughout the city, and no clear di-
vision was made between industrial, residential and office areas. The high share 
of industrial load is another reason, as it was assumed to spread even more 
evenly than offices (which are concentrated in the city center). The dominance 
of industry also explains the lack of clear evening peaks, which are characteristic 
of residential areas. The peak power in the city center (slightly over 60 
MW/km2) remains lower than in the highest district in Helsinki (80 MW/km2, 
Chapter 7.2.2). This is, however, due to the coarse resolution of input data. The 
densest district in the city center has an area of 23 km2. If the source data were, 
for example, from 1 km2 areas, the peak power would probably exceed 500 
MW/km2 in the most high-rise business areas. 
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8.1.2 Large-scale photovoltaics together with micro-trigeneration (Publi-
cation III) 

For Shanghai, large-scale distributed photovoltaics (PV) and micro-trigener-
ation schemes were considered. The detailed analysis and input data are given 
in Publication III. The calculations were made with the multi-carrier model of 
Publication III (Chapter 5 in this thesis). In Shanghai, the only network in the 
model was a power grid, but spatiotemporal consumption profiles were created 
for heating and cooling as well. As a starting point, electricity covers 44% of the 
heating and 82% of the cooling load. 

Results from the simulations are presented in Table 5. In the reference case, 
with no PV, electricity must be imported from the large central power plants 
close to the city. Case A (in the table) shows the self-use limit of PV-produced 
electricity in Shanghai to be 19 GW, which could produce 21% of the electricity 
demand in the city. If the PV installations were increased to 150% of the self-use 
limit (case B), 31% of the demand could be covered, and, simultaneously, sur-
plus electricity would be produced (in an amount equivalent to 1% of the yearly 
electricity load). The surplus could be used in local electric heating systems. 

The spatial analysis, however, suggests that the power carrying capacity of the 
power grid could be easily exceeded in the periphery areas of the city in this case. 
The problems could be solved by rearranging a small portion of the distributed 
PV panels closer to the city center with stronger power lines. 

Cases C and D include gas-driven trigeneration schemes, which were installed 
in the city center area (5 km × 5 km). Trigeneration technology combines gas-
driven solid-oxide fuel-cell cogeneration (gas to electricity and heat) and ab-
sorption cooling technology (heat to cooling). Assumed efficiencies were 40% 
for the gas-to-electricity and gas-to-heat processes and 70% for the heat-to-
cooling process [91,92]. The trigeneration is operated in such a way that heating 
and cooling loads are satisfied first, and then electricity production is adjusted 
accordingly. PV installations need to be reduced in order to avoid excess elec-
tricity production. 

 

Table 5. Shanghai cases with different PV and trigeneration schemes. DEGS refers to distributed 
energy generation systems (i.e., PV + trigeneration). Reproduced from Publication III with 
permission. Copyright 2012 Elsevier. 

Scheme 
PV  
GWp 

PV share  
in elec-
tricity+, % 

Trigener-
ation     
GW(el) 

DEGS 
share in 
electricity, 
% 

DEGS 
share in 
energy, % 

A. PV (self-use limit) 
B. PV (150% self-use 

limit) 
C. PV + Trigeneration 

covering 25 % of 
cooling and heat-
ing in city center 

D. PV + Tri-genera-
tion 50% 

19.3 
28.6 
 
16.0 
 
 
 
9.3 

21 
31 
 
18 
 
 
 
11 
 

– 
– 
 
3.7 
 
 
 
7.3 

21 
31 
 
28 
 
 
 
31 
 

18 
27 
 
28 
 
 
 
32 
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In case D, where 50% of the thermal loads in the city center are satisfied by 
trigeneration, it is possible to produce one third of all energy consumption by 
distributed means. In addition, the CO2 emissions of the city could be reduced 
by 38% assuming a reference system based on coal power. This reduction is due 
to the high fuel efficiency of trigeneration technologies. 

8.2 Concepción, Chile (Publication VI) 

Chile is an interesting country in which to study the integration of solar photo-
voltaics. There, PV has reached grid parity, and thus the solar PV market is 
growing rapidly, especially in urban areas [93]. The city of Concepción was cho-
sen as the case city to study the potential of solar energy as well as the possible 
limitations that the power grid infrastructure may impose on the large-scale PV 
installations. Such may arise in many developing countries with a high solar re-
source. 

Detailed spatial data about the solar potential in Concepción were presented 
in Publication VI. Solar radiation and the urban structure were taken into ac-
count in the assessment of the solar potential. With respect to urban structure, 
spatial details of the city, such as building typologies and shading due to topog-
raphy and neighboring buildings, were included in the assessment models.  

8.2.1 Electricity consumption, city structure, and the power grid 

Energy consumption patterns of the buildings were gathered simultaneously 
with the spatial research on building typologies. As the total electricity con-
sumption of the city was also known, it was possible to produce a spatiotemporal 
load profile for the city. For this purpose, all the buildings in the city were 
grouped into 5500 building combinations. Each of these was then assigned a 
load profile depending on the building type (household, service, hospital) and 
typology (low, mid, high-rise sparse, and high-rise dense).  The electricity con-
sumption profile is shown in Figure 22, along with the PV production curve. 
Figure 23 reveals the spatial distribution of the consumption. 

 

Figure 22. Electricity load profile of residential and service sector in Concepción and the PV pro-
duction curve at the self-use limit of 73 MW. Reproduced with permission from Publication 
VI. Copyright 2016 Elsevier. 
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Accurate data about the power grid were not available, and thus some assump-
tions were made. The focus was set on the mid-voltage distribution and trans-
mission lines, omitting the low-voltage distribution to customers. The city was 
divided into 1 km × 1 km squares, which were connected by the mid-voltage 
lines. Load profiles of single building combinations were summed up to form a 
single load profile for each square. The squares and assumed power lines are 
shown in Figure 23. 

Present power demand (without PV) is used to define the power-carrying ca-
pacity of the grid. This means that the maximum allowed power flow in a power 
line is the flow that would occur in the current situation. This conservative as-
sumption guarantees that no extra stress, compared to the current situation, is 
placed on the grid. 

      

Figure 23. Left: Peak power demand in Concepción. Right: Annual power demand with assumed 
power grid. Light green shows high-voltage connections between the power stations (light 
green dots), and dark green shows the mid-voltage lines. Building combinations are marked 
with small blue crosses. Reproduced with permission from Publication VI. Copyright 2016 
Elsevier. 

8.2.2 Results 

The total yearly solar radiation on the buildings of Concepción was found to be 
around 3,900 GWh, which exceeds the total energy demand of the city by 22%. 
The total solar capacity, however, is severely limited by technical factors (e.g., 
the efficiency of appliances and the capacity of the power grid). 

The self-use limit of the PV production in Concepción was found to be 73 MW, 
which would cover 13% (95 GWh) of the power consumption. The correspond-
ing production curve is shown in Figure 22. By doubling the amount of PV, 24% 
(170 GWh) of the consumption could be satisfied, but 17 GWh of surplus elec-
tricity would be produced.  

PV production throughout the city decreases the consumer’s need to buy 
power from the grid. Therefore, with relatively low amounts of PV (1–2 × self-
use limit) the average power flows and, thus, the stress in the grid decrease (Fig-
ure 24). No overflow problems to the grid are caused by 150 MW of PV, but the 
momentary oversupply of PV production turns the flow from downstream to 
upstream. The upstream flow, however, stays below the maximum downstream 
flow of the reference case. 

In the case of increasing the PV installations closer to the total potential of the 
city, overflow problems will occur. For example, PV of five times the self-use 
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limit (i.e., 370 MW) corresponds to over 80% of the total solar capacity (assum-
ing 15% efficiency for PV), and would produce 34% of the electricity demand, 
but the capacity of the grid would be exceeded by up to 80% in some lines. This 
is shown in Figure 25. In practice, all parts of the grid would be overstressed. 
The problem could be solved, for example, by local P2H appliances. If all excess 
solar PV production were converted to heat, about 28% of the heat demand 
could be satisfied. 

The high-PV case, also demonstrates how the role of the grid changes from 
simply supplying power into a way of balancing fluctuating PV production. The 
average flows in Figure 25 (right) are in the same range as in the reference case 
with no PV (Figure 24, left), but the maximum peaks are clearly stronger (Figure 
25, left). 

 

       

Figure 24. Average power flows in the grid lines in Concepción as a percentage of the power line 
size. Left: reference case with no PV; right: 150 MW of PV (2 × self-use limit). Reproduced 
with permission from Publication VI. Copyright 2016 Elsevier. 

 

    

Figure 25. Power flows in the grid lines in Concepción with 370 MW of PV (5 × self-use limit). 
Left: maximum flows; right: average flows as a percentage of the power line size. The color 
bars have different scales. Reproduced with permission from Publication VI. Copyright 2016 
Elsevier. 
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9. Conclusions 

The use of variable renewable electricity, such as wind and solar power, is in-
creasing rapidly around the world. The use of such renewable energy sources 
will increase the unpredictability and fluctuations in the net load patterns. En-
ergy systems need to match the energy supply to the demand. Traditionally, 
controllable combustion power plants have handled the problem, but with 
growing amounts of VRE, new flexibility measures are required. On the other 
hand, the role of urban areas in climate change mitigation will increase due to 
the global urbanization. The aim of this work was to study the characteristics of 
urban energy systems and their readiness to incorporate large-scale VRE 
schemes. For the purpose, three novel energy system models were created. 

The first model focused on the spatiotemporal patterns of energy consumption 
in cities. This type of data is seldom available with sufficient spatial resolution, 
and previous models rarely consider both the space and time dimensions. The 
developed model, which is based on readily available geographical data, is able 
to reach satisfactory spatial and temporal resolutions, thus enabling detailed 
analyses of the urban energy systems. 

The second model analyzes the possible advantages of viewing the energy sys-
tem as a whole, taking all final energy carriers into account. Traditionally, en-
ergy carriers are handled one at a time, thus omitting several degrees of freedom 
in energy system flexibility. In the model, a city is divided into nodes of distrib-
uted energy production, consumption, and mutual conversion between energy 
carriers. The nodes are connected with different energy carrier networks. This 
work focused on electric power grid and district heating, but the model allows 
generic multi-carrier analyses. Another advantage over the existing literature is 
the comprehensiveness of the model, which simultaneously considers both 
macro and micro levels, and includes control functions and network intelli-
gence. 

The third question addressed by this work involved the role of the existing 
power plants in the new situation with increased VRE generation. A new opti-
mization model is thus presented, which simulates the most economical use of 
energy system assets. It is based on a mixed-integer linear problem, and it can 
handle many types of energy systems, although this work focuses on the city 
scale. Different flexibility measures are included in the model, such as power-
to-heat conversion, thermal energy storage, and electricity spot markets. Com-
pared to most of the existing models, the model is kept simple and is fast to run 
and easy to modify, despite the fact that it covers the whole energy system, from 
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different energy carriers to several flexibility technologies and spot markets. An-
other advantage of VRE dynamics is the shorter time step of the model (e.g., 10 
minutes), instead of the traditional hourly or even longer time step. 

In the case of Helsinki, Finland, the analysis focused on how large-scale wind 
power schemes could be integrated into a mid-sized northern city with a high 
heating load and a well-established district heating network that covers the 
whole city area. The self-use limit of wind power was found to be around 400 
MW, which could satisfy up to 27% of the electricity consumption of the city. 
With power-to-heat conversion and thermal storage, however, this number 
could be dramatically increased. For example, 2000 MW of wind power would 
be able to cover more than 60% of the electricity consumption and 20% of the 
heat consumption of the city if P2H with electric resistance were used. With heat 
pumps, the share in heat could theoretically be increased to close to 70%, but 
this increase could be limited by the heating network capacity, and thus requir-
ing large-scale heat storage.  

The optimization results clearly indicate the need for system flexibility in the 
wind power integration in Helsinki. Without any flexibility measures, wind 
power alone would not be able to replace the fossil-based CHP production. Most 
of the wind power production would thus be exported outside the city, mainly 
due to the high demand for heating and the need to produce it locally. P2H with 
heat pumps would change the situation by electrifying the heat production, thus 
resulting in decreasing coal use when wind power is increased. Sensitivity anal-
ysis against fuel and emission (European emissions trading system) prices show 
that P2H makes the coal-based CHP more sensitive with respect to price in-
creases, thus offering considerable help in eliminating the use of coal in the en-
ergy production of Helsinki.  

The co-operation of different energy carriers was also studied in the southern 
megacity of Shanghai, China. The self-use limit for solar PV integration was 
found to be below 20 GW (accounting for 20% of the power demand). In Shang-
hai, a distributed trigeneration scheme was studied with fuel cells and absorp-
tion chillers to produce electricity, heat, and cooling. Trigeneration, together 
with PV, was able to cover more than 30% of all electricity and energy consump-
tion in the city, yielding a savings of almost 30 Mt of CO2. 

The city of Concepción, Chile, is a good example of the importance of studying 
limitations rising from the energy system. Even though the overall solar poten-
tial, in theory, exceeds the energy demand of the buildings, technical efficiency 
and power grid infrastructure limits the PV share in electricity to about 24%. 
However, with a local P2H strategy, this could be increased to at least 34%, and, 
simultaneously, 28% of heat would be produced without overloading the electric 
power grid. Thus, to form a realistic estimate of the solar energy possibilities, 
both the pure VRE potential and the power system infrastructure need to be 
assessed. 

The presented results show the importance of system-wide thinking when de-
fining policies for energy system transition and carbon neutrality. Energy sys-
tems must be considered as a whole when flexibility is sought. It was observed 
that inherent features in energy systems, such as smart use of district heating 
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networks, could offer much of the needed flexibility for large-scale renewable 
energy integration. Therefore, massive investments in traditional network in-
frastructure could largely be avoided. 

For example, viewing electric and thermal systems together instead of as two 
separate systems could reveal remarkable new options for VRE integration. P2H 
technologies are able to at least double the VRE intake of energy systems, but 
with district heating networks and thermal storage the increase could be up to 
fivefold. These results show examples of how smart design and systematic 
thinking can turn renewable technologies into a mainstream option for energy 
production in cities. 

The developed models did not include investment analysis tools, as the focus 
was on the operation of energy systems. Therefore, in the future, it would be 
interesting to integrate investment options into the models. Another interesting 
update would be to expand the analyses to the national or even continental 
scale. This would, however, require fundamental market models to be inte-
grated. 
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