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2 Abstract 

A milp optimization model was used for determining the least-cost energy system for providing 

sustainable heat and electricity to 4 different types of neighborhoods. The results showed that all-

electric solutions were most-cost effective for a village, inner city area and Vinex district, while a high-

rise building area profited most from a heat network with a centralized heat pump. The highest 

increase in cost occurred for the power system, and was determined by the peak load during a cold 

year. This peak could be reduced cost-effectively by the application of thermal storage and insulation.  
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4 Introduction  

With a changing climate due to the increased emission of greenhouse gasses, the call for sustainable 

alternatives to the fossil fuel industry has been rising. The Dutch government has set a target for 2050 

of reducing emissions by 95%. To reach this target they have set a pathway for the 5 biggest polluting 

sectors: electricity, built environment, industry, agriculture and mobility [1]. Although the climate 

agreement seems like a top-down approach, many of the specifics are left to local governments. 

Especially the electric power and built environment sector require a bottom-up approach as the 

potential for sustainable power production and decarbonization of buildings is very site-specific.   

For the electric power sector the target for 2050 is set at 100% sustainable generation. New production 

capacity is expected to mainly come from wind and solar PV. Both solar and wind energy are 

intermittent sources, that pose additional challenges on the power grid. During periods of high wind 

speed and solar irradiation a power system with large transportation capacity is needed while periods 

without wind and sun, so called ‘dunkelflaute’, require an extensive storage system.  

The biggest challenge for the build environment is to stop using natural gas for space heating and hot 

tap water preparation. At the end of next year, all local governments must have a plan for the transition 

to a sustainable heating system. This plan can vary from district to district based on the local 

characteristics, and in general three different strategies are promoted: 

The first one is electrification of the heat supply, where individual heat pumps will be installed in every 

building. This is often combined with insulation of the outer building envelope to increase climate 

comfort in the houses. It is a very energy-efficient solution, but puts an extra strain on the electric 

power system.  

The second strategy is the construction of a district heating network (DHN). The temperature of the 

DHN can vary; low temperatures have less heat losses but involve far-reaching adaptations of the heat 

delivery systems in houses, whereas high temperature DHN have higher heat losses and not every heat 

source can be connected to the system.  

Last, natural gas can be replaced with another gas that is carbon neutral. The 2 potential candidates 

for this are biogas and hydrogen. Only minimal adaptations are needed for the houses and the current 

gas network can be used for transportation. The difficulty for biogas is that there is only a limited 

supply available and for hydrogen the problem is that the total energy efficiency is fairly low.  

 

Whereas the industrial and agricultural energy sectors can arguably still be considered separately from 

the rest, it is clear that the decisions made in the built environment and power sector affect each other. 

They must be seen as an integrated energy system and optimized accordingly. Also mobility plays an 

important role in this, as the expectation is that the car fleet will consist completely of electric vehicles 

(EV’s) in 2050. The understanding that the different energy sectors affect each other has led to the 

development of a new branch of research in recent years, called system integration. 
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Energy system integration (ESI) is intended to include different energy carriers and their infrastructures 

in simulations to find the optimal system configuration as a whole. ESI has the potential to increase 

the overall energy efficiency and reduce the cost of the energy transition. Inclusion of multiple energy 

carriers also increases the complexity of the problem. There is a wide variety of technological options, 

each with their own characteristics and specialties that have to be included in the analysis. This pushes 

the development of new powerful simulation and analysis tools.  

 

Allegrinin et al. have given an overview of internationally widely used simulation tools [2]. The tools 

can roughly be divided by their most important characteristics which are: the spaciotemporal 

resolution, inclusion of technologies & infrastructures and the modelling approach. 

The spaciotemporal resolution refers to the size of the energy system that is to be analyzed. Their 

special resolution can range from a single or few components to entire national or international 

systems. The temporal resolution is determined by the phenomenon that influence the outcome of a 

simulation. Especially for RES systems this can become very large as weather and seasonal effects are 

important that range from minutes to a year respectively.  

Technology inclusion is the selection of technologies that a model contains. Not every technology is 

included in every simulation tool as the number of different technologies is too large. While most RES 

tools incorporate at least PV and wind generation there are tools specified to a specific technologies 

or areas.  E.g. many tools developed by Nordic countries have advanced models for simulating DHN. 

The modelling approach refers to the overall strategy a tool uses to produce its outcome. This can be 

a simulation where the user makes the selection of technologies and determines the capacities and 

relations or it can be a more advanced approach that incorporates a form of optimization in the model.  

 

Selecting the right simulation tools is essential in meeting the Dutch sustainable energy targets. The 

regional and national energy system operators have already started a research into the developments 

in the energy infrastructure to develop an outlook for the infrastructure in 2050 [3]. The results are 

expected to come in 2021, and draw on the insights of the various partners and studies conducted. 

Especially the development of knowledge on the subject of system integration is important as there 

are still a number of subjects that need further exploration.  

 

This research will try to bridge the gap between the individually well understood sustainable energy 

sources and the integrated case for heat and power supply. The desired outcome is an increased 

understanding in how the energy systems affect each other and which factors are determining for their 

performance.  

It is expected that the performance of the energy system is largely dependent on the (mis)match 

between supply and demand. Since the generation of wind and solar PV is region specific this research 

will be focused on The Netherlands. Also the demand profile is dependent on the type of consumer, 

so a bottom-up approach will be used that can incorporate the different customer types. 
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This leads to the following main research question: 

 

What is the optimal configuration of energy infrastructure and conversion technologies for 

supplying both heat and power sustainably in 2050, and how is it affected by the district type?  

 
 

 

With the following sub questions:  

 

- What are the most promising energy conversion and storage technologies and how can they 

be modelled accurately?  

- How do the different profiles for generation and loads look like? 

- What are the infrastructural requirements for transporting the energy to the user? To which 

extend does the existing infrastructure fulfill this need?  

- What is the optimal size of the conversion and storage units and how can they be utilized most 

effectively?  

- How do the different energy systems perform on a set of financial, environmental and social 

performance indicators and how do they relate to each other and the current power and gas 

system?  

 

The problems will be researched by simulating the energy system of 4 different neighborhoods. An 

optimization algorithm is then used to determine the best technology or number of technologies. The 

energy infrastructure is taken into account as well as the effect the weather has on the performance 

of the system.  

In the first chapter the approach will be discusses, including the mathematical models that were used 

to describe the different technologies in the model. Next, the results of the optimization will be 

analyzed that give the situation with the lowest overall cost. The optimization is repeated with the 

situation where all 4 districts are highly insulated, and the results are compared. The energy systems 

are also tested for a situation with a very cold winter which improved the business case for insulation. 

Last, an all-electric, a DHN system and a hydrogen based system are simulated to see the proportion 

between their respective costs.  
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5 Methodology 

To find the optimal configuration of an energy system the different components were formulated as a 

Mixed-Integer Linear Program (milp). First the model variables and underlying assumptions are 

explained, after which a general introduction is given about the working principles behind milp models. 

The equations for the energy networks, conversion technologies and restrictions are explained after 

which the objective function is given. Last, a short explanation of the most important trade-offs 

between simulation time and the level of complexity of the model is given.  

5.1 Nomenclature 

The model was formulated as a milp problem. A milp problem consists of an objective function, a set 

of parameters, a set of constraints and a set of decision variables. The objective function is the function 

for which optimization is performed; in this case it is the total cost of the system which was minimized. 

The parameters are fixed values used in calculations, they are either taken from a reference or a logical 

value is assumed. The decision variables describe the quantities that the solver needs to determine. 

The optimal solution is the combination of values assigned to the decision variables that give the lowest 

total system cost. Last, the milp problem is bounded by a set of constraints. The constraints limit the 

solution space in which the optimal solution can be found. An overview of the different symbols is 

given in Table 1.  

 

Table 1: overview of the different symbols used in the model. 

Indices    

t Time index  
x Technology index  
n Index for nodes in the network (busses, houses, intersections, …)  
h Index for the houses in the neighborhood  
le Index for electric power cables  
i Index for every part of the heat network {1-4} 
   
Parameters (input)   

𝑓𝑙𝑜𝑤𝑙𝑒
𝑒,𝑚𝑎𝑥   Maximum capacity of power cable le kW 

𝐶1, 𝐶2, 𝐶3  Capacity of the existing cable (𝐶1) and 2 standard reinforcements kW 

𝑄𝑖
𝑙𝑜𝑠𝑠  Heat loss in network part i of the DHN kW 

𝐶𝑥
𝑚𝑎𝑥   Maximum capacity of technology x in the houses kW 

𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑆𝑇

  Heat generated from the solar thermal system in house h at time 
t 

kW 

𝜇𝑡ℎ_𝐻𝐵  Thermal efficiency of the hydrogen boilers in the homes [0-1] 

𝜇𝑡ℎ_𝐸𝐵  Thermal efficiency of the heat boilers in the homes [0-1] 

𝜇𝑒𝑙_𝐶𝐻𝑃  Electric efficiency of CHP installation [0-1] 

𝜇𝑡ℎ_𝐶𝐻𝑃  Thermal efficiency of CHP installation [0-1] 

𝜇𝑒𝑙_𝑒𝑙𝑒𝑐   Electric efficiency of electrolyzer [0-1] 

𝜇𝑡ℎ_𝑒𝑙𝑒𝑐   Thermal efficiency of electrolyzer [0-1] 

𝜇𝑒𝑙_𝐹𝐶   Electric efficiency of fuel cell [0-1] 

𝜇𝑡ℎ_𝐹𝐶   Thermal efficiency of fuel cell [0-1] 
Decision variables (output) 

𝑓𝑙𝑜𝑤𝑙𝑒
𝑒   Electric power flow through cable le kW 
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𝛿1𝑙𝑒 ,  𝛿2𝑙𝑒 , 𝛿3𝑙𝑒   Delta variable for the 3 sets of electrical power cables Binary 

𝐻2𝑡
𝑡𝑜_𝑛𝑒𝑡  Amount of hydrogen sent into the gas network at time t kW 

𝐻2𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑛𝑒𝑡

  Amount of hydrogen used in house h at time t kW 

𝑄𝑡
𝑡𝑜_𝑛𝑒𝑡   Amount of heat sent into the DHN at time t kW 

𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑛𝑒𝑡

  Amount of heat used in house h at time t kW 

𝛿𝑖  Delta variable to indicate if part I of the DHN is constructed or not Binary 

𝑃𝑥,𝑡  Power of technology x at time t kW 

𝐶𝑥
𝑚𝑎𝑥   Maximum capacity of technology x in the central system kW 

𝛿𝑥   Delta variable to indicate if technology x is constructed or not Binary 

𝛿ℎ
𝑆𝑇  Delta variable for the solar thermal system in house h Binary 

𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐻𝐵

  Heat from hydrogen boiler in house h at time t kW 

𝐻2𝑡,ℎ
𝑡𝑜_𝐻𝐵  Hydrogen to the hydrogen boiler in house h at time t kW 

𝛿ℎ
𝐻𝐵  Delta variable for installation of hydrogen boiler in house h Binary 

𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐸𝐵

   Heat from electric boiler in house h at time t kW 

𝐸𝑡,ℎ
𝑡𝑜_𝐸𝐵  Electric power to the electric boiler in house h at time t kW 

𝛿ℎ
𝐸𝐵   Delta variable for installation of an electric boiler in house h Binary 

𝐸𝑡,ℎ
𝑡𝑜_𝐻𝑃  Electrical power to heat pump at time t in house h kW 

𝑄𝑡
𝑓𝑟𝑜𝑚_𝐻𝑃

  Heat generated by heat pump at time t kW 

𝛿ℎ
𝐻𝑃   Delta variable if a heat pump is installed at house h or not Binary 

𝐸𝑡
𝑓𝑟𝑜𝑚_𝐶𝐻𝑃

  Electric power of the CHP at time t kW 

𝛼𝑡
𝐶𝐻𝑃  Binary variable to determine if CHP is in heat only mode Binary 

𝐺𝐺𝑡
𝑡𝑜_𝐶𝐻𝑃  Green gas delivered to CHP at time t kW 

𝑄𝑡
𝑓𝑟𝑜𝑚_𝐶𝐻𝑃

  Heat produced by the CHP at time t kW 

𝐸𝑡
𝑡𝑜_𝑒𝑙𝑒𝑐   Electric power of the electrolyzer at time t kW 

𝐻2𝑡
𝑓𝑟𝑜𝑚_𝑒𝑙𝑒𝑐

  Hydrogen produced by the electrolyzer at time t kW 

𝑄𝑡
𝑓𝑟𝑜𝑚_𝑒𝑙𝑒𝑐

  Heat produced by the electrolyzer at time t kW 

𝐻2𝑡
𝑡𝑜_𝐹𝐶   Hydrogen consumed by the fuel cell at time t kW 

𝐸𝑡
𝑓𝑟𝑜𝑚_𝐹𝐶

  Electricity produced by the fuel cell at time t kW 

𝑄𝑡
𝑓𝑟𝑜𝑚_𝐹𝐶

  Heat produced by the fuel cell at time t kW 

 

5.2 General approach 

To find the most cost-effective way of supplying heat and power to the built environment a model was 

made to simulate a number of potential energy systems. As the number of potential components in 

an energy system is very large a selection was made based on the most promising and applied 

technologies. These include forms of local generation, storage and conversion that are either used in 

individual houses or shared among the neighborhood. A requisite for all technologies was that they 

are fully sustainable, as the regulations determine for 2050.  

 

An optimization algorithm was used to determine the best combination of technologies in terms of 

cost. These costs included capital and operational expenditures (CAPEX, OPEX resp.), costs for 

importing electricity or gas from higher grids and costs associated with transportation. 3 types of 

transportation networks were included: the power grid, the gas network and a district heating network 

(DHN). Only network expansions were included in the cost function, the existing infrastructure was 

seen as fully depreciated by 2050. 
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These technologies were then applied to 4 different neighborhoods to determine the effect of district 

type and building characteristics on the outcome.  

 

5.2.1 Neighborhood selection 
The optimal configuration of the energy system is expected to depend on the age, size and density of 

the houses in a district so 4 different neighborhoods were selected; each with their specific 

characteristics that make them stand apart from the other categories and together they are 

representative for a large part of the Dutch built environment. The selected neighborhoods are: a rural 

village, historical inner city, peri-urban district and a high-rise neighborhood. The most important 

characteristics are shown in Table 2, where ‘Vinex’ is a Dutch term referring to a specific class of peri-

urban districts built in the 90’s and 00’s with a moderate energy performance.  

 

Table 2: important characteristics of the 4 districts in the model.  

 Village City centre Vinex High-rise 
Construction year 1970 1912 1999 1968 
Electric load (kWh) 2096 2256 1567 982 
Heat load (m3) 1995 2868 1289 1115 
# Cars () 1.5 0.8 0.5 0.3 
Rooftop area (m2) 137 136 138 68 

 

 

5.2.2 Energy reduction 
Besides sustainably providing electric power and heat to every building, the energy consumption can 

also be reduced. Especially the insulation of the outer envelope of a building is herein effective. This 

reduces the heat load and consequently the load on the electric power system. For this simulation the 

level of insulation was taken as an upgrade to energy label ‘A’, which is a larger step for the older 

buildings in the village and city centre than for the Vinex and high-rise buildings. At this energy label 

an individual heat pump is also capable of comfortably heating a home, and was thus available in the 

simulation.  

 

5.3 Optimization algorithm 

A mixed-integer linear programming (milp) optimization algorithm was used for the analysis. It 

combines the fast solving times of linear programming with the versatility of mixed integers. All mixed 

integer variables used in the optimization were binary variables, were most variables described if a 

technology was installed (1) or not (0).  

 

An important characteristic of milp models is that the outcome is a global solution. Linear models 

formulated as a so-called convex problem will produce the global optimum, while other models can 

get stuck in local optima while trying to find the best solution. The model is also deterministic, meaning 

that it has all the relevant information at the beginning of the simulation. The inherent stochastic 

nature of e.g. the weather and electric loads is thus not included.  
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The operating strategy of the different technologies in the energy system were included in the 

optimization. Combined with the fact that the model is deterministic and produces the global optimum 

gives for example that a battery has a perfect charge and discharge behaviour. This does not match 

the real-life situation, but instead of being a limitation of the model this is seen as an advantage. 

Insights in operating strategies of the different components can now be obtained and the performance 

of the energy system is seen as a dot on the horizon that should be reached with improvements in 

modelling and forecasting.  

 

The model was programmed in python with use of the Pyomo package for optimization modelling [4]. 

The commercially available Gurobi solver was used to find the optimal solution [5].  

 

The Gurobi solver used the ‘branch-and-bound’ algorithm for solving the model. With this approach, 

the original milp problem can be reduced to a number of fully linear problems. A search tree was then 

created to navigate the different combination of mixed integers as shown in Figure 1. 

First, all binary variables were relaxed so they could take any value between 0 and 1 and the resulting 

linear problem was solved. The fully relaxed model is called the ‘root node’. Then, a binary variable 

was selected and restricted to its integer form again. The two resulting problems are called ‘branches’ 

of the search tree. From these branch nodes another variable was selected to create new branches 

and so on. By doing so a search tree is created, where nodes with all binary restrictions active are 

solutions to the original problem. When the number of binary variables is large, the search tree can 

get pretty extensive and computationally demanding. A number of tricks are applied to speed up the 

process. 

The most important one is to cut off branches close to the root node, as this has the most effect on 

the size of the tree. There are 2 ways this can happen: first is when a node is proven to be infeasible, 

then all underlying nodes will also be infeasible as they are more restricted. The second is when the 

objective value for a node is worse than the current best solution found, because adding more 

restrictions will only worsen the objective value.  

For small problems the search is terminated when all nodes in the search tree are analysed. For larger 

problems, as is ours, the search is terminated when the current best solution found is close to the 

global optimum. This can be proven by the bounds on the global optimum. The upper bound is the 

current best solution found, as higher values do not have to be accepted. The lower bound is the 

minimum of the relaxed nodes, as adding more restrictions can never lower the objective value. The 

difference between the upper and lower bound is called the gap, and the program was terminated 

when the gap was 5% or smaller.  

 

 

  
Figure 1: schematic representation of the search tree. The root node contains no integer variables and 

the different combinations of integers are then explores through the ‘branches.  
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5.4 Networks 

5.4.1 Electric power system 
Ordinarily a load flow analysis is used for problems with these spaciotemporal dimensions. 

Unfortunately a load flow is non-linear so simplifications were made to fit the milp requirements. First, 

the network losses that scale with 𝐼𝑅2 were not calculated in the load flow but instead the electric 

energy consumption of the consumers was raised by 3% [6]. With the transportation losses omitted 

and the network reliability outside the scope of this research the power flows were modelled as their 

absolute flow through a cable segment.  

Distribution networks have a radial topology, so their flow is determined by the energy balance of 

every node in the system. For the network nodes the energy balance is determined by the power 

flowing in and out of a node, and the relation is given by equation (1). The energy balance of the houses 

and central system is described in section 5.6.  

 

  ∑ 𝑓𝑙𝑜𝑤𝑙𝑒,𝑡
𝑒

𝑙𝑒⊂𝑙𝑒𝑛

(𝑠𝑒𝑛𝑑𝑖𝑛𝑔 𝑒𝑛𝑑)

=  ∑ 𝑓𝑙𝑜𝑤𝑙𝑒,𝑡
𝑒

𝑙𝑒⊂𝑙𝑒𝑛

(𝑟𝑒𝑐𝑒𝑖𝑣𝑖𝑛𝑔 𝑒𝑛𝑑)

 (1) 

 

The capacity of the cables and topology of the networks were taken from real data of the 

neighborhoods, and unified to avoid a mosaic of different cables to lead to strange results. The most 

common cable was selected for the main feeders and the sub feeders, which are the 4x95Al and 4x6Cu 

cables respectively.  Reinforcement of the cables is possible but at a cost and only in discretised steps, 

which are the 4x150Al and 4x240Al cables.  

Equation (2) limits the flow through cable 𝑙𝑒 to its maximum value at every timestep and for every 

cable. The maximum flow is formulated in equation (3) as the linear combination of the current cable 

and the two reinforcement cables. Equation (4) then makes sure that in the end only one of those 

cables is really used.  

 

 

 −𝑓𝑙𝑜𝑤𝑙𝑒
𝑒,𝑚𝑎𝑥 ≤ 𝑓𝑙𝑜𝑤𝑙𝑒,𝑡

𝑒 ≤ 𝑓𝑙𝑜𝑤𝑙𝑒
𝑒,𝑚𝑎𝑥  (2) 

 𝑓𝑙𝑜𝑤𝑙𝑒
𝑚𝑎𝑥 =  𝛿1𝑙𝑒𝐶1 + 𝛿2𝑙𝑒𝐶2 + 𝛿3𝑙𝑒𝐶 (3) 

 𝛿1𝑙𝑒 + 𝛿2𝑙𝑒 + 𝛿3𝑙𝑒 = 1 (4) 

 

5.4.2 Gas network 
The Netherlands has historically been very dependent on natural gas, with currently more than 95% of 

the buildings connected to the gas grid. This originates from the discovery of a large gas field in 

Slochteren in 1959. Remarkable is that the gas from Slochteren contains a large amount of nitrogen, 

giving it a different chemical composition than the gas found in most other sides around the world. 

This led to the construction of 2 main transportation networks across the country: one for the domestic 

gas and one for imported gas (see Figure 2). Also most of the booster stations and storage sites are 

situated in the North, from where the gas is distributed to the rest of the country.  

 

The climate goals for 2050 prohibit the use of any gas that is a net emitter of greenhouse gasses. The 

current network can thus no longer be used for the transportation of natural gas. Since the network is 



14 
 

already in place, it can be used as a ‘free’ mode of transportation for other energy carriers. Two 

potential candidates are green gas and hydrogen. Green gas has the same chemical composition as 

natural gas and can therefore easily be introduced in the net, and research has shown that with small 

adaptations the network can be made ready for hydrogen transportation [7] [8].  

 

Green gas can in principle be used to heat a neighborhood, but that solution is not scalable to a national 

level since the total production potential is limited [9] [10]. A more realistic application is to supply 

peak heat load during cold periods or peak electricity in a back-up CHP installation. 

Hydrogen on the other hand, when produced with renewable electricity is a clean form of energy that 

can be scaled to a national level. It can be produced, stored and used locally or in large central 

installations near e.g. wind parks at sea. A full hydrogen infrastructure is thus within the possibilities.  

 

In our simulation, it was assumed that every neighborhood gets a connection to the higher grid that is 

either filled with green gas or with hydrogen. These possibilities could exist next to each other because 

of the double high pressure pipeline infrastructure already in place, but every neighborhood has to 

choose which network to connect to.  

From this connection gas could be imported for a certain price. The imported green gas could supply 

a backup CHP installation for moments of high demand. When the connection was reserved for 

hydrogen, the imported gas could mix with locally produced hydrogen from the electrolyser and flow 

through the distribution system to the houses.  

 

The capacity of the current gas grid was designed to supply enough energy even on the coldest days. 

Green gas has the same chemical composition as natural gas so no new bottlenecks will occur. 

Hydrogen has a lower volumetric energy content than natural gas, and with equal pipe diameters the 

hydrogen network can transport 20% less energy [11]. It is expected that this offset will be 

compensated by energy saving measures, so no new bottlenecks will be introduced either.  

The capacity of the gas network was already sufficient at every time during the year, and that will not 

change when natural gas is switched for another energy carrier. Detailed modelling of the gas flows 

was therefore unnecessary, and a single energy balance constraint was used for the whole 

neighborhood: 

 

 

 𝐻2𝑡
𝑡𝑜_𝑛𝑒𝑡 =  ∑ 𝐻2𝑡,ℎ

𝑓𝑟𝑜𝑚_𝑛𝑒𝑡

ℎ

 (5) 
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Figure 2: schematic representation of the Dutch gas network, which consists of a higher calorific and a 

lower calorific network.  

5.4.3 Heat network 
Heat networks transport heat from the place of generation to the different users through underground 

insulated pipes of hot water. This centralizes the place of heat generation from the building scale to a 

district or even regional scale. The heat network was assumed to be of the 4th generation, where 

renewable sources have been introduced to the network, houses are ‘prosumers’ that can supply and 

demand heat at any time and the network contains centralized storage.  

 

The neighborhoods analysed did not have a DHN in place yet, so informed estimates were made about 

cost and operation of the network. The topology followed the gas network, as the gas network is also 

connected to every house that needs heat. The feeding point to the network of centrally generated 

heat was chosen to be in a dense area of the neighborhood, as heating networks perform best when 

the users are close together. The network was then divided into 4 pieces, each with approximately the 

same amount of customers. Every part was modelled with a delta function to determine if it was 

constructed or not.  

 

Because the network is not there yet, the new network will always be constructed with appropriate 

pipe diameters and heat transfer capacity. This makes modelling of the flows at every timestep and for 

every pipeline unnecessary. Instead, an appropriate pipe diameter was chosen and given as a 

parameter to the system. Combined with the length of the 4 different parts of the network the 

construction costs and heat losses were then calculated for each individual part.  

 

The mathematical formulation is given in equation (6) and (7), where equation (6) sets the energy 

supplied to the network by the central components equal to the sum of the heat imported by the 
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houses and the transportation losses. In equation (7) the transportation losses are calculated based on 

the length of the network pipes and a heat loss constant. A more detailed description of the network 

losses and DHN construction costs is given in Appendix 9.  

 

 

𝑄𝑡
𝑡𝑜_𝑛𝑒𝑡 =  ∑

𝑖=[1,2,3,4]

ℎ∈ℎ𝑖

(𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑛𝑒𝑡

+ 𝑄𝑖
𝑙𝑜𝑠𝑠) ∗ 𝛿𝑖 

(6) 

 

𝑄𝑖
𝑙𝑜𝑠𝑠 =  ∑ 𝐿𝑙ℎ ∗ 𝑘

𝑖=[1,2,3,4]

𝑙ℎ∈𝑙ℎ𝑖

 

(7) 
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5.5 Technologies 

The technologies applied in the model will be discussed based on their role in the energy system: 

generation, conversion, storage or consumption. All the technologies could be applied centrally, 

individually or both. When applied centrally one unit is shared among the neighborhood, and 

individually applied means that every house can install one unit of that specific technology. 

 

For the technologies in the central system the sizing of the components was left to the optimization 

software. This way the best capacity was found. For the technologies applied in the houses the 

capacities were set to a standard value, to avoid strange variations in the results.  

 

Mathematic modelling of the sizing was done in a similar way for all technologies, as shown by 

equation (8). The difference is that for the central components 𝐶𝑥
𝑚𝑎𝑥 was a decision variable to be 

optimized over, and for the house units 𝐶𝑥
𝑚𝑎𝑥 was a parameter with a fixed value.  

 

 

 𝑃𝑥,𝑡 ≤ 𝐶𝑥
𝑚𝑎𝑥 ∗ 𝛿𝑥  (8) 

 

5.5.1 Generation 
Besides import from the higher networks there was also local production of energy. For the centralized 

system this was a potential solar PV field and a potential wind farm. For the houses there were solar 

PV panels and potential solar thermal panels on the roofs. 

Wind and solar PV 
The wind and solar PV profiles were extracted from the open source Energy Transition Model (ETM) 

[12]. The data consists of real-life measurements complimented with calculated values based on 

historic weather data. Different weather profiles were used to analyse the effect of the weather on 

the energy performance of the systems.  

Rooftop PV 
Although the aim of the research was to find the optimal power system disregarding the role and 

individual objectives of all the actors in the system, some technologies will probably be adopted even 

if they are suboptimal. These technologies are then also simulated to create a more realistic model of 

the energy system in 2050. The two developments taken as a given in the simulation were the increase 

of rooftop PV and the electrification of the car fleet. 

 

Rooftop PV is more expensive than solar fields and puts a high burden on the power grid as it can easily 

overload a low voltage cable. On the other hand, social acceptance for PV panels on roofs is higher 

than for using agricultural land and land owners can profit from their own panels. Projections for 

installed capacity in 2050 are dependent on the type of building, see Table 2 [13]. Combined with 

building information from the ‘Basisregistratie Adressen en Gebouwen’ (BAG)  [14] the PV panels were 

added to the houses in the model. 
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Table 3: peak capacity of solar PV on the different types of buildings found in a district.   

Buildingtype Pmax per building 

[kW] 

Appartment 1.2 

In-between house 4.4 

Edge house 4.8 

2-under-1 roof house 5.8 

Single building 7.3 

 

Solar thermal 
A solar thermal collector absorbs sunlight heat for domestic use. The evacuated tube collector was 

used in the simulation as it has a higher efficiency during cold circumstances than its main competitor: 

the flat plate collector.  

The output of the collector was calculated using the weather data and the methodology from the 

European Solar Thermal Industry Federation [15]. There it is described that the efficiency is given by 

equation (9) and the constants were set to 𝑛0 = 0.735,  𝑎1 = 1.16 
𝑊

𝑚2𝐾
, 𝑎2 = 0.0053 

𝑊

𝑚2𝐾2 [16]. The 

collector mean temperature was set to 𝑇𝑚 = 50 °𝐶 which is the standard for hot water appliances. 

The efficiency is then used in equation (10) to calculate the output, with an area equal to 𝐴 = 1.48 𝑚 

per collector and 𝑛 = 2 units per house. The collectors were only operated when the efficiency was 

positive, and irradiation and ambient temperature where once again taken from KNMI weather data.   

 

 
𝜇𝑡

𝑆𝑇 = 𝑛0 −  𝑎1 ∗
(𝑇𝑚 − 𝑇𝑎𝑚𝑏)

𝐼
−  𝑎2 ∗

(𝑇𝑚 − 𝑇𝑎𝑚𝑏)2

𝐼
 

(9) 

   

 𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑆𝑇

≤ 𝜇𝑡
𝑆𝑇 ∗ 𝐼 ∗ 𝐴 ∗ 𝑛 ∗ 𝛿ℎ

𝑆𝑇 (10) 

 

5.5.2 Conversion 

Hydrogen boiler 
The hydrogen boiler is used for burning green hydrogen locally to produce heat for a dwelling. The 

advantage of the hydrogen boiler is that it can largely be accommodated by the existing infrastructure, 

since it is very similar to the conventional natural gas boiler. It is modelled by equation (11), where the 

thermal efficiency is set at 0.90. The efficiency could potentially be higher, but in practice this is hardly 

ever reached due to incorrect operating conditions [17] [18].  

 

 𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐻𝐵

= 𝐻2𝑡,ℎ
𝑡𝑜_𝐻𝐵 ∗ 𝜇𝑡ℎ_𝐻𝐵 ∗ 𝛿ℎ

𝐻𝐵  (11) 

 

Electric boiler 
An electric boiler is a fairly simple device that turns electricity into heat through a resistive element in 

the boiler. The resistive element is submersed in the water of the central heating system so perfect 

heat transfer is possible, but the efficiency is still set at 0.98 in equation (12) to account for losses in 

the piping system.  
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 𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐸𝐵

= 𝐸𝑡,ℎ
𝑡𝑜_𝐸𝐵 ∗ 𝜇𝑡ℎ_𝐸𝐵 ∗ 𝛿ℎ

𝐸𝐵 (12) 

 

Heat pump  
Modelling of a heat pump is more ambiguous since it is a low temperature heat source, that is unfit 

for heating poorly insulated dwellings. To determine whether a house was suitable for a heat pump 

the Dutch energy label was used. The energy label is a measure for the energy efficiency of a house 

and it was taken from the publicly available BAG. When applicable, the heat pump was modelled by 

equation (13) [19]. 

In general, a building can be warmed all-year round with a heat pump if it has an energy label of B or 

higher. Houses with energy label C are less insulated but can use a hybrid heat pump; during a large 

part of the year the heat pump is used, but when the temperature drops below a certain value another 

heat source like the hydrogen boiler takes over. This threshold temperature was set at 2 °C in our 

model. Last, every house with energy label D or lower is unfit for a heat pump and was thus excluded 

without further insulation [20].  

One reason that hybrid heat pumps switch to high temperature sources during colder periods is that 

the heat delivery system of most houses is designed for the conventional gas boiler, which is a high 

temperature source. A heat pump typically has a delivery temperature between 35-55 °C, which is 

insufficient in combination with a radiator.  

Another reason is that the coefficient of performance (COP), a measure for efficiency, is lower when 

the outside air contains less heat. The COP depends on the source and delivery temperature and the 

specific model of the heat pump. In the simulation the delivery temperature was manually set to either 

35 °C, 45 °C or 55 °C based on the type of building. The COP was then calculated for every hour from 

the weather data and as an average of ~50 models.  

Last, some modifications were made to reflect the different operating principle of a heat pump. Heat 

pumps are ideally operated with a near constant power so they experience less wear, which is 

important for the electrical power balance in the system. Therefore, the heat output was ‘smoothed’ 

over a number of timesteps. Heat pumps also keep running during the night, so the compensate the 

extra heat loss of a warmer building the COP was reduced with 5% during 23:00-05:00 hour.  

The individual heat pump was modelled by: 

 

 

 𝐸𝑡,ℎ
𝑡𝑜_𝐻𝑃 = 𝐻(𝑡−5:𝑡+5),ℎ

𝑓𝑟𝑜𝑚_𝐻𝑃
∗ 𝐶𝑂𝑃𝑡

𝐻𝑃 ∗ 𝛿ℎ
𝐻𝑃 (13) 

 

There is also a central heat pump, connected to the DHN. This heat pump was assumed to be a brine-

water heat pump. Brine-water heat pumps extract the heat from brine water in the ground. These type 

of heat pumps have a higher initial investment cost but in general also an overall higher COP since the 

water underground has a fairly constant temperature around the year. The central heat pump was 

modelled by equation (14) and has COP settings of 45 °C, 65 °C and 90 °C. 

 

 𝐸𝑡
𝑡𝑜_𝐻𝑃 = 𝐻𝑡

𝑓𝑟𝑜𝑚_𝐻𝑃
∗ 𝐶𝑂𝑃𝑡

𝐻𝑃,𝑐 ∗ 𝛿𝐻𝑃 (14) 
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CHP 
CHP is the umbrella term for machines that produce both electric power and useful heat. CHP’s are 

not widely spread as their electric efficiency is lower than that of large scale power plants. However 

for power plants the rest heat is often dumped in the environment, so CHP’s can achieve an overall 

higher efficiency.  

The central system has a CHP unit that works on either green gas or hydrogen, as explained in section 

7.3.2. The fuel is burned and the combustion gases are used to drive a turbine to generate electricity. 

The produced heat is then extracted and transferred to the DHN. Equation (15) describes the operation 

of the CHP based on green gas, but it is identical to the hydrogen case. 𝛼 is a binary optimisation 

variable used to determine if the unit is producing electricity or is in heat only mode.  

 

 𝐸𝑡
𝑓𝑟𝑜𝑚_𝐶𝐻𝑃

=  𝜇𝑒𝑙_𝐶𝐻𝑃 ∗ 𝛼𝑡
𝐶𝐻𝑃 ∗ 𝐺𝐺𝑡

𝑡𝑜_𝐶𝐻𝑃 (15) 

 𝑄𝑡
𝑓𝑟𝑜𝑚_𝐶𝐻𝑃

=  𝜇𝑡ℎ_𝐶𝐻𝑃 ∗ (1 − 𝜇𝑒𝑙_𝐶𝐻𝑃 ∗ 𝛼𝑡
𝐶𝐻𝑃) ∗ 𝐺𝐺𝑡

𝑡𝑜_𝐶𝐻𝑃 (16) 

 

The houses are equipped with a -CHP unit. They work solely on hydrogen as the gas distribution 

network is reserved for hydrogen. The operation is described exactly the same as equations (15) and 

(16) only the 𝛼 factor is set to 1. This is done to save computational time as the factor scales with the 

number of timesteps and the number of houses.  

 

Electrolyzer and fuel cell 
The electrolyzer and fuel cell are the main components of a hydrogen energy system. An electrolyser 

uses electricity to split water into hydrogen and oxygen. It can be used to transform excess electricity 

during periods with high wind or solar irradiation into the storable hydrogen energy form. In a fuel cell 

the reverse process takes place. Hydrogen is combined with oxygen (from the air) to generate electric 

power and water.  

The downside to these processes is that their efficiencies are fairly low, and approximately half the 

energy is lost as heat during the transformations. A novel concept used in the simulations is to extract 

this heat and use it in a DHN. Equation (17, 18) and (19, 20) describe the operating principles of the 

electrolyzer and fuel cell respectively. Table 4 shows the setting for the parameters.  

 

 

 𝐻2𝑡
𝑓𝑟𝑜𝑚_𝑒𝑙𝑒𝑐

=  𝜇𝑒𝑙_𝑒𝑙𝑒𝑐 ∗ 𝐸𝑡
𝑡𝑜_𝑒𝑙𝑒𝑐 (17) 

 𝑄𝑡
𝑓𝑟𝑜𝑚_𝑒𝑙𝑒𝑐

=  𝜇𝑡ℎ_𝑒𝑙𝑒𝑐 ∗ 𝐸𝑡
𝑡𝑜_𝑒𝑙𝑒𝑐  (18) 

 

 𝐸𝑡
𝑓𝑟𝑜𝑚_𝐹𝐶

=  𝜇𝑒𝑙_𝐹𝐶 ∗ 𝐻2𝑡
𝑡𝑜_𝐹𝐶  (19) 

 𝑄𝑡
𝑓𝑟𝑜𝑚_𝐹𝐶

=  𝜇𝑡ℎ_𝐹𝐶 ∗ 𝐻2𝑡
𝑡𝑜_𝐹𝐶  (20) 
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Table 4: parameter setting for a number of technologies.  

 𝜼𝒆 𝜼𝒕𝒉 𝑪𝒂𝒑𝒂𝒄𝒊𝒕𝒚 (kW) Source 

Central     
CHP 0.35 0.79 - [21] 
Electrolyser 0.70 0.20 - [22] 
Fuel cell 0.50 0.36 - [23] 
House     
H2 boiler - 0.90 25 [24] 
Electric boiler - 0.99 25 [25] 

-CHP 0.16 0.90 26.5 [26] 

 

 

5.5.3 Storage 
For all energy models storage options were added to the model. A hydrogen storage tank was used in 

the central system, to store the hydrogen coming from the electrolyzer. Electricity storage was added 

in the form of batteries, where all the houses could install a battery pack and a large battery was added 

to the central system. Heat storage in the houses was modelled after a buffer storage tank of 150l and 

the central system contained a larger thermal storage tank.  

All storage forms were modelled with a similar equation, equation (21), where the energy content or 

state of charge (SOC) at time t is calculated based on the energy already present and the charging and 

discharging power. Only the efficiencies for energy storing and of charging and discharging were 

different for the storage forms.  

 

 𝑆𝑂𝐶𝑡 = 𝜂𝑠𝑡𝑜 ∗ 𝑆𝑂𝐶𝑡−1 + 𝜂𝑐ℎ ∗ 𝑃𝑡
𝑐ℎ − 𝑃𝑡

𝑑𝑖𝑠/𝜂𝑑𝑖𝑠 (21) 

 

For the central components the maximum storage capacity was left to the optimization algorithm 

again. The house technologies have a fixed maximum SOC. The parameters are summarized in Table 

5.  

 

Table 5: Parameter settings for the storage options. 

 𝜼𝒔𝒕𝒐 𝜼𝒄𝒉 𝜼𝒅𝒊𝒔 𝑺𝑶𝑪𝒎𝒂𝒙 (kWh) Source 

Central      
Heat 0.999 0.97 0.99 - [27] 
Power 1.0 0.95 0.95 - [28] 
Hydrogen 1.0 0.98 1.0 - [29] 
House      
Heat 0.999 0.95 0.98 16.3 [30] 
Power 1.0 0.95 0.95 13.5 [28] 

 

5.5.4 Consumption  
Electric load profiles consisted of 3 parts: basic consumption, EV’s and rooftop PV. The basic 

consumption for appliances was taken as the yearly electric demand multiplied by the normalized 

electric load profile from NEDU [31], where the yearly consumption data were measured by the grid 

operator, Alliander [32].  

The consumer car fleet is expected to change to battery charged EV’s, and the load from charging the 

EV’s was added to the basic consumption. The average number of cars in a neighborhood were taken 
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from the CBS [33], and it was assumed that there will be the same number of cars in 2050, but fully 

electric. The charging profile was taken from the ETM again [12].  

Last, rooftop PV was modelled as a negative load, as described in section 5.5.1. 

 

Heat profiles were taken as the annual natural gas consumption measured by Alliander, and multiplied 

by the normalized gas profiles from NEDU. The profiles were adjusted to the weather data used in the 

simulation, taken from historic data of the KNMI [34].  

All technologies used were able to follow this heating demand, except for heat pumps. Heat pumps 

work more efficiently when run in a stable and continues mode. This was adopted into the heat pump 

equations, as described in section 5.5.2. 

Cooking is expected to change from gas based to induction based. The consumption is very dependent 

on human behaviour so no distinct profiles are available. Since the energy consumption of cooking 

amounts to only 2% of the total gas consumption it was neglected in the simulation.  
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5.6 Energy hubs 

An energy hub can be defined as a place where the production, conversion, storage and consumption 

of energy takes place. It gives the relation between multiple energy carriers and is thus a suitable 

concept for our problem. The model contains two different types of energy hubs: one type for 

simulating the energy systems inside the houses and one hub for technologies that are shared across 

the neighborhood like an electrolyzer or central heat pump.  

5.6.1 Temperature settings  
The heat load in the houses can be divided into tap water and space heating, where tap water is 

approximately 20% of the total demand. Whether these thermal loads can be combined in the energy 

hubs to simplify the model or if they should be treated separately is determined by the temperature 

settings of the technologies used.  

For tap water the minimum temperature is 55 °C because of legionella prevention. For space heating 

in general older, poorly insulated houses need a higher temperature space heating, while new highly 

insulated houses can get warm with lower grade thermal energy.  

For the DHN the temperature should be as low as possible to minimize thermal losses, so the 

temperature was set to 10 °C higher than the space heating requirement.  

For heat pumps the temperature should also be as low as possible to increase the COP value. The 

individual heat pumps match the space heating temperature while the central heap pump matches 

the DHN temperature. The settings are summarized in Table 6.  

Only for the insulated version of the Vinex neighborhood and the insulated high rise neighborhood the 

tap water and space heating load were separated.  

 

Table 6: Temperature settings for a number of components in the system.  

 Tapwater* Space heating Heat network HP, home HP, central 
Village 55 80 90 X 90 
    Insulation 55 55 65 55 65 
Vinex 55 55 65 55 65 
    Insulation 55 35 45 35 45 
High rise 55 55 65 55 65 
    Insulation 55 35 45 35 45 
Inner city 55 80 90 X 90 
    insulation 55 55 65 55 65 

 

*Also the setting for the solar thermal collectors 
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5.6.2 House hubs 
For every house in the neighborhood the energy hub in Figure 3 is used. Energy can be imported 

through the different networks and at every timestep the electric and heating load have to be supplied. 

Houses are also ‘prosumers’ in the sense that excess electricity or heat can be supplied back to the 

network. From the figure the energy balance equations for electricity, hydrogen and heat can be 

deduced, which are (22), (23) and (24) respectively.  

 

 
Figure 3: energy hub for the technologies in the houses.  

 

 

 𝐸𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑛𝑒𝑡

+ 𝐸𝑡,ℎ
𝑑𝑖𝑠_𝑏𝑎𝑡𝑡𝑒𝑟𝑦

+ 𝐸𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐶𝐻𝑃

= 𝐸𝑡,ℎ
𝑡𝑜_𝐻𝑃 +  𝐸𝑡,ℎ

𝑡𝑜_𝐸𝐵 + 𝐸𝑡,ℎ
𝑐ℎ_𝑏𝑎𝑡𝑡𝑒𝑟𝑦

+  𝐸𝑡,ℎ
𝑡𝑜_𝑛𝑒𝑡 +  𝐸𝑡,ℎ

𝑙𝑜𝑎𝑑  

 
 

(22) 

 𝐻2𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑛𝑒𝑡

= 𝐻2𝑡,ℎ
𝑡𝑜_𝐶𝐻𝑃 +  𝐻2𝑡,ℎ

𝑡𝑜_𝐻2𝐵 

 
 

(23) 

 𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐻𝑃

+ 𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑆𝑇

+  𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐸𝐵

+ 𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐶𝐻𝑃

 + 𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝐻2𝐵

+  𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑏𝑢𝑓𝑓𝑒𝑟

+ 𝑄𝑡,ℎ
𝑓𝑟𝑜𝑚_𝑛𝑒𝑡

=   𝑄𝑡,ℎ
𝑡𝑜_𝑏𝑢𝑓𝑓𝑒𝑟

+ 𝑄𝑡,ℎ
𝑡𝑙𝑜𝑎𝑑 + 𝑄𝑡,ℎ

𝑡𝑜_𝑛𝑒𝑡  

(24) 
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5.6.3 Central hub 
The energy hub for the central system consists of a number of technologies that are installed once and 

that are used to supply or balance the networks. The primary energy sources are large-scale solar PV 

and wind and imported gas and electricity from the higher networks. Excess electrical energy can also 

be sold back to the higher grid, which is not the case for excess gas since this would require a 

compression station. The central energy hub is depicted in Figure 4 and from this figure the energy 

balance equations (25), (26) and (27) were deduced. For the gas balance equation it depends if the 

neighborhood has a green gas connection or a hydrogen connection, as explained in section 5.4.2.  

 

 
Figure 4: Energy hub for the central system. 

 

 

 𝐸𝑡 
𝑃𝑉 + 𝐸𝑡 

𝑤𝑖𝑛𝑑 + 𝐸𝑡
𝑖𝑚𝑝𝑜𝑟𝑡

+ 𝐸𝑡
𝑏𝑎𝑡_𝑑𝑖𝑠 + 𝐸𝑡

𝑓𝑟𝑜𝑚_𝐹𝐶
+ 𝐸𝑡

𝑓𝑟𝑜𝑚_𝐶𝐻𝑃

= 𝐸𝑡
𝑡𝑜_𝐻𝑃 +  𝐸𝑡

𝑡𝑜_𝐸𝐿 + 𝐸𝑡
𝑏𝑎𝑡_𝑐ℎ +  𝐸𝑡

𝑡𝑜_𝑛𝑒𝑡 +  𝐸𝑡
𝑒𝑥𝑝𝑜𝑟𝑡

+  𝐸𝑡
𝑐𝑢𝑟𝑡𝑎𝑖𝑙  
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 𝐺𝐺𝑡
𝑖𝑚𝑝𝑜𝑟𝑡

= 𝐺𝐺𝑡
𝑡𝑜_𝐶𝐻𝑃 

𝑎𝑛𝑑 

𝐻2𝑡
𝑓𝑟𝑜𝑚_𝐸𝐿

+  𝐻2𝑡
𝑠𝑡𝑜_𝑑𝑖𝑠 = 𝐻2𝑡

𝑡𝑜_𝐹𝐶 +  𝐻2𝑡
𝑠𝑡𝑜_𝑐ℎ +  𝐻2𝑡

𝑡𝑜_𝑛𝑒𝑡  

𝑜𝑟 

𝐻2𝑡
𝑖𝑚𝑝𝑜𝑟𝑡

+  𝐻2𝑡
𝑓𝑟𝑜𝑚_𝐸𝐿

+  𝐻2𝑡
𝑠𝑡𝑜_𝑑𝑖𝑠

= 𝐻2𝑡
𝑡𝑜_𝐶𝐻𝑃 +  𝐻2𝑡

𝑡𝑜_𝐹𝐶 +  𝐻2𝑡
𝑠𝑡𝑜_𝑐ℎ +  𝐻2𝑡

𝑡𝑜_𝑛𝑒𝑡  

 

 
 
 
 

(26) 

 𝑄𝑡
𝑓𝑟𝑜𝑚_𝐻𝑃

+ 𝑄𝑡
𝑓𝑟𝑜𝑚_𝐸𝐿

+ 𝑄𝑡
𝑓𝑟𝑜𝑚_𝐹𝐶

+ 𝑄𝑡
𝑓𝑟𝑜𝑚_𝐶𝐻𝑃

 + 𝑄𝑡
𝑇𝑆_𝑑𝑖𝑠

=  𝑄𝑡
𝑇𝑆_𝑐ℎ +  𝑄𝑡

𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑖𝑜𝑛
+  𝑄𝑡

𝑡𝑜_𝑛𝑒𝑡  

(27) 
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5.7 Financial analysis 

The objective of the simulation was to find the energy system with the lowest overall cost. The system 

was modelled for a year, so the objective should represent the equivalent annual cost (EAC). For every 

piece of equipment the cost was differentiated into capital expenditures (CAPEX) and operational 

expenditures (OPEX). OPEX was expressed on an annual basis, and CAPEX was multiplied with an 

annuity factor to incorporate the lifetime of the equipment and the depreciation cost of money. This 

is shown in equation (28) till (31), where the interest 𝑖 was set to 3%. The CAPEX and OPEX cost for 

every piece of equipment 𝑥 is shown Appendix 9.3.  

 

 

 𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 = 𝑚𝑖𝑛. ∑ 𝐸𝐴𝐶𝑥

𝑥

 

 

(28) 

 

 

 𝐸𝐴𝐶𝑥  =  𝐶𝐴𝑃𝐸𝑋’ 𝑥 +  𝑂𝑃𝐸𝑋𝑥 
 

(29) 

 𝐶𝐴𝑃𝐸𝑋’𝑥  =  𝐶𝐴𝑃𝐸𝑋𝑥  ∗  𝐴𝑥 
 

(30) 

 
𝐴𝑥 =  

𝑖(1 + 𝑖)𝑙𝑡𝑥

(1 + 𝑖)𝑙𝑡𝑥 − 1
 

 

(31) 

 

5.8 Simulation time trade-offs  

Modelling of the networks and different technologies is always a trade-off between capturing enough 

detail to accurately represent the working of the components on one hand and the computation time 

on the other hand. This section will explain why certain choices were made.  

 

The electric power flows were first calculated using more detailed equations, capturing the 

characteristics of the different cables in the distribution network. This is physically more accurate and 

can also describes power flows in ringed and meshed network topologies. Since the distribution grids 

are almost always radial, just the energy balance in every node was sufficient. 

 

Construction of the heat network was first modelled with a delta variable for every edge in the 

network. This resulted in approximately 1000 binary variables in the model to find exactly the optimal 

size of the DHN. Since binary variables are very computationally expensive the potential heat network 

was divided into 4 parts and the computation time decreased with 31%. 

 

The u-CHP’s in the houses were first modelled similar to the central CHP, with a binary 𝛼𝑡,ℎ decision 

variable to indicate if the u-CHP is in power production mode or heat-only mode. The 𝛼𝑡,ℎ variable 

scales with the number of houses and timesteps so is very computationally demanding. Since the 

advantage of a u-CHP over a hydrogen boiler is the combined production of electricity and heat, 𝛼𝑡,ℎ 

was set to 1 (power production). For the central CHP 𝛼𝑡 remained inside the optimisation as the 

computational effort is smaller and the effect on the outcome larger.   
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Last, the energy systems were simulated for a shortened year, with timesteps of 1 hour. The shortened 

year consisted of 12 weeks representative for the 12 month in a year. This way both the seasonal and 

daily variations in demand and generation were captured while reducing computation effort. Also, all 

powers were expressed in kW and energies in kWh so calculations were simple.  
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6 Results & discussion 

6.1 General results 

In this section the results are shown of the simulation where all equipment categories were included 

in the model. The selection of which equipment to use for sustainable supply of heat and power was 

left to the optimization algorithm. First, the fulfilment of the objective function is discussed which gives 

the breakdown of the costs, and this is compared to the current situation. The second part is an energy 

analysis and takes a closer look at which factors help maintain the energy balance of the system.     

6.1.1 Least-cost system 
The costs were normalized to one building or apartment for easier comparison between the different 

districts and they were expressed on an annual equivalent basis, as shown in Figure 5.  To see the 

increase in cost the current situation is also shown, calculated with the average price for natural gas 

and electricity in 2019 [33]. The cost for the networks are the fixed delivery costs. The electric power 

system has an extra cost component based on the peak capacity, with the same value as used in the 

model. More than halve the energy price for both gas and electricity consists of taxes, which is a 

transfer of capital from one actor in the system to another. Taxes are therefore not included in the 

analysis as they do not contribute to overall societal cost, but they do have a steering effect towards 

energy reduction measures as will be discussed later on.  

 

 
Figure 5: comparison of the results for the base case optimization with the current energy system for 

every district.  

 

For the rural neighborhood the least cost solution was the construction of 3 out of 4 segments of the 

DHN. This DHN transfers heat from a central heat pump to the majority of houses in the village. The 

4th segment of the DHN was not constructed, and instead the houses were heated with an electric 

boiler. These houses are geographical outliers and their long connection distances made connection 

to the DHN too expensive. On average the annual cost per house increased from approximately €1300,-  
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per year to almost €1900,- per year, and is mainly attributed to capital expenditures in the power 

system and heating network.  

 

For the inner city district the results are comparable to the village, as the buildings are also old and use 

a lot of energy for heating. The difference is that the inner city has no geographical outliers and thus 4 

out of 4 parts of the DHN were constructed. The heat was fully supplied by a central heat pump and 

this actually decreased the amount spent on total energy import from 770 to 540 euro. The total cost 

did increase however which is again mainly attributed to the cost for reinforcement of the power grid 

and construction of the DHN.  

 

The Vinex neighborhood is different as all the houses have an energy label of ‘B’ or higher, and 

individual heat pump have enough power to comfortably heat a home. This is the option the 

optimization algorithm showed as least cost, with €950,- per year which is remarkably the same 

amount as for the current situation. The Vinex neighborhood also stands apart as it is the only district 

with a notable amount of money generated from selling electricity to the higher grid. This can be 

explained by the relatively large rooftop area and lower self-consumption than e.g. the village.  

 

The last neighborhood is the district with high-rise buildings. Individual heat pumps were an option, 

but the optimization showed that the choice for a DHN was again the cheapest due to the low trace 

length of the network. For a single apartment in a flat in this district the cost actually decreased from 

880 to 750 per year. An important side node is however that the costs used for the gas network in the 

old situation are the socialized cost, while this is not the case for the DHN. It was also assumed that 

the apartments had individual connections to the gas network and a separate natural gas boiler, which 

raises the cost. If these factors are taken out of the equation the AEC for the old and new system are 

similar.  

 

All neighborhoods go to a system where the heat supply is electrified, either through a central heat 

pump or individual heat pumps. This is because the marginal price for electricity generation is low, 

especially considering the efficiency of a heat pump. The average price for the electricity imported is 

highest for the Vinex district with 4.0 eurocent per kWh. In the other 3 districts the thermal storage 

system introduces a form of flexibility in the system that drives down the average price to between 

3.6-3.7 eurocent per kWh.  

 

In all districts, the main cost contribution are capital investments in the energy infrastructure. This 

includes the contribution to power grid reinforcements, the construction of DHN’s and installation of 

heat pumps. Variable costs will mostly go down. Only for the rural village the variable costs are up, but 

this is because of the large amount of EV’s in this area. If charging cost are subtracted the variable 

costs for energy are also down in this neighborhood.      

 

In none of the districts was the potential cost reduction of local electricity generation large enough to 

validate its installation. Wind generation and additional shared production parks on top of rooftop PV 

connected to the secondary side of the MV/LV transformer were part of the model, and have the 

potential to relieve the burden on the higher power grid if the generation coincides with the load peak. 

The results did however not show any additional local generation.    

The explanation therefore can be purely financial. The levelized cost of energy (LCOE) for utility scale 

PV and wind on land is 4-8 eurocent/kWh [35], which is on the high end. Additionally, the hourly prices 

for electricity in the model were taken from the ETM with the setting for 2050. At that time, 

renewables have a large share in the power mix that drives down the price at hours with a lot of sun 
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and wind. This is an obstacle for the deployment of renewables in general and thus not limited to this 

study alone. Possible scenarios are that the price will be set in the future by the operators of storage 

facilities, flexible loads and interconnection capacities instead of large plant operators, or that the 

market will switch to a fixed rate.  

The explanation for no local generation can also be more technical. The districts already have rooftop 

solar, so additional solar fields connected to the transformer will not contribute to peak shaving. For 

wind this is more ambiguous, as results actually showed small wind capacities with a maximum of 15 

kW for the Vinex district. This is a fraction of a wind turbine, but possible due to the linearized nature 

of the model. The overall contribution to the energy system was negligible, but it is still an indication 

that local wind generation can substitute grid reinforcements, possibly on a higher voltage level.  

 

6.1.2 Energy analysis 
Although the objective of the simulation was to determine the system with the lowest cost, the energy 

performance of the system is just as important. It provides insights into the strong and weak points of 

the different technologies and uncovers where the bottlenecks for the different district will be.  

 

Electricity 
All simulation results showed an energy system where the heat supply was provided by a heat pump, 

be it centrally or individually. This makes electricity the dominant power form, and a good starting 

point for the energy analysis. In general, the electric load can be divided into 3 groups: the baseload, 

electric vehicles and electricity used for heating. Generation was mainly the installed rooftop PV 

panels. How these groups of electric power relate to each other is shown in Figure 6, where the load 

duration curves for the districts are depicted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



31 
 

 

 
 

 
 

Figure 6: load duration curves of the 4 districts.  
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Most notable is the energy used for heating and the uneven spread across the year. Electric heating is 

for all districts the main contributor to the peak load, and the capacity of the current transformers is 

exceeded everywhere. Especially for the small village and the inner city area the heat pump solution 

requires extensive grid reinforcements.  

 

Even though the maximum capacity is exceeded, the peak is not as high as it could have been. The load 

duration curve has a very flat beginning, which is due to the flexibility in heating. The central heating 

pumps have a thermal storage system that provides the flexibility. The individual heat pumps in the 

Vinex neighborhood do not have storage but are operated in a continues way, so the extreme peaks 

are naturally avoided.  

 

The rooftop solar PV profiles show unfortunately little overlap with the heat demand. This is 

explainable as their peak production lies in the summer, but it forms another problem for the Vinex 

neighborhood. Here, the transformer capacity is also exceeded feeding back. The ending of the load 

duration curve is very sharp though, which means that there is room for improvement. For the few 

hours the supply exceeds the limit the electricity can be curtailed, used for extra charging of the EV’s 

or used for cooling.  

 

The EV’s were modelled with a fixed load profile, where the power peaks occur at a time where people 

are naturally expected to charge their car: when they arrive at work and when they return home. 

Currently, many research is devoted to using the flexibility of EV’s charging to help integrate PV in the 

grid.  From the figure it can be concluded that for most districts the determining factor for power grid 

reinforcements is the electrification of the heat supply, and not the introduction of rooftop PV. Only 

for districts where the heat supply will not be electrified can smart charging replace power system 

investments.  

 

 

Heat 
How exactly the thermal storage system provides flexibility is shown in Figure 7, where the operation 

of the central heat pump and thermal storage system in the high-rise building district is shown.  

 

The top figure refers to week used to simulate January, where the heat demand is overall very high. 

The thermal storage system is mainly charged at night, and discharged during the early morning peak. 

During the first 3 days of the weak the storage provides more energy than just peak shaving, as the 

electricity price is very high. When there is no price incentive, as in the 5th and 6th day of the weak, the 

storage system is not used and heat pump is fully responsible for the load.    

 

The lower graph refers to July, when heating is mainly tap water. The overall contribution of the 

storage system is much higher, and the storage system sees very sharp fluctuations of charging and 

discharging. The determining factor is again the electricity price, where charging is not only done at 

night but also during noon when solar drives down the price.  

 

The primary function of the thermal storage system in the high-rise building district seems to be 

generating value by anticipating the electricity price, and not necessarily substituting power system 

reinforcements. For the village and city centre the latter function seems more dominant, as the load 

duration curve is flat for an extended period. The effect is however not quantifiable from this model, 

as perfect weather knowledge is available to the optimization. A stochastic analysis would be more 
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informative to show the relation between the required power system capacity, thermal storage 

capacity and security of supply.  

 

 
 

Figure 7: relation between heat pump power, thermal storage charging behavior and electricity price. 

Top shows a winter week and lower figure is for a summer week.  

 

6.2 Insulation 

Optimization of the energy system for the 4 districts was also performed on an insulated version of the 

neighborhoods. The buildings were insulated to energy label ‘A’ which reduced the heat load and 

unlocked the use of individual heat pumps for the majority of buildings in the village and city centre. 

For both these districts the optimal energy system switched from a DHN powered by a central heat 

pump to a system where every house was heated by an individual heat pump. For the Vinex and high-

rise building neighborhood the results showed no significant changes, besides a reduced energy 

consumption.  

 

 Insulation of a building is not free, and this price should be taken into account for determining which 

solution is overall the most cost-effective. Table 7 shows a comparison between the base case 

described in the previous section and the insulated version of the model. As expected, the results show 

a reduced heat load for every district; ranging from -10% for the Vinex neighborhood to -45% in the 

city centre. The reduced heating load did however not offset the insulation cost in any of the districts. 

Even when the cost associated with power system reinforcements was taken into account, the overall 

cost was every time higher for the insulated version of a district than for the base case.   
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Table 7: comparison between the base case and the insulated version of the districts. 

 

 

The observation that insulation is economically not sensible requires a side note: just as in the case of 

rooftop PV there are strong tax incentives that drive the slow but continuous progression of insulating 

the Dutch built environment. In the model the price of electricity was taken as the price before taxes, 

which represents the societal costs. For an individual household however, the price of a unit of 

electricity is more than doubled by taxes (see Table 8). In general, this makes energy reduction in the 

eye of the consumer more profitable than switching to another energy source.  

 

Table 8: variable cost of electricity for the average Dutch customer [33].  

Variable (/kWh)     
Delivery rate Sustainability charge Energy tax VAT Total 
0.0664 0.0189 0.0986 0.0386 0.222 

 

 

Looking at the subject of insulation from another perspective provides two other important insights. 

First, since the main source of power generation in 2050 is expected to mainly come from wind and 

solar, energy reduction means less pollution of public space by wind turbines and solar farms. Second,  

as the peak in electric load is expected to coincide with the peak in heat demand as previously shown, 

the use of insulation can reduce investments in the power system. This effect is explicitly present 

during colder years.  

 

 

 

 

 

 

 
Village 

  

City centre 
  

 
base case insulated 

 
base case insulated 

 

Heat load (kWh) 18229 12804 -30 % 26211 14289 -45 % 

Trafo peak (kW) 699 330 -53 % 1007 484 -52 % 

Insulation cost (€) 
 

815 
  

1180 
 

Total cost (€) 1620 1719 +6.1 % 1629 2052 +26 % 

        
Vinex 

  

High-rise building 
 

 
base case insulated 

 
base case insulated 

 

Heat load (kWh) 11785 10583 -10 % 10600 7632 -28 % 

Trafo peak (kW) 513 378 -26 % 231 129.5 -44 % 

Insulation cost (€) 
 

363 
  

455  

Total cost (€) 745 1058 +42 % 535 832 +56 % 
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6.3 Weather influence 

The previous simulations were done with the meteorological conditions of 2015, which was an average 

year weather-wise. The results of the optimization are thus valid for an average year, but how do they 

hold up when the weather changes? 

 

6.3.1 Cold year 
Energy transportation networks are designed the have enough capacity to provide their respective 

peak load. For the gas network, this was defined as being able to provide enough natural gas on a cold 

winter day with an average temperature of -17 °C. If the electric power system is to take over the 

function of heating the built environment, it lies in extension that the same condition applies.  

 

To see if the results of the optimization change for a cold year, the simulations were repeated with 

KNMI weather records of 1987. This was an extremely cold year, with temperatures as low as -15 °C.  

The results show no major switch in energy system. Where a DHN was most effective for 2015 this was 

still the case for 1987, and the same goes for the other systems. Only for the Vinex district a slight 

change occurred, where 1/4th of the houses switched to a DHN connection instead of an individual 

heat pump.  

 

The optimization switched to a DHN system fuelled by a central heat pump primarily because of the 

type of heat pumps used in the simulation. The heat pumps in the houses were air/water models, 

which means they extract thermal energy from the air. Their performance drops when the outside 

temperature drops. For centralized heat pumps the larger capacities justify the choice for a 

brine/water system. These systems have a higher investment cost, but a better and more constant 

performance during the year as shown in Figure 8.  

 

 
Figure 8: COP value of the individual heat pumps during 2015 and 1987 and the COP value for the 

central heat pump. Temperature settings output energy were 45 °C and 55 °C respectively.  
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As previously stated, the infrastructure needs to be designed for a cold year, knowing that those years 

are sparse. At the same time the system will be operated mainly during normal weather conditions. 

Consequently, a fair comparison between different systems means taking the CAPEX of a cold year and 

the OPEX of a standard year. Applying this principle to the decision whether or not to insulate gives 

the results in Table 9.  The insulation costs are already included in the CAPEX and the Vinex district was 

simulated with only individual heat pumps for fair comparison. The results show that insulation for the 

village and inner city district results in overall lower costs.  

 

Table 9: comparison of CAPEX and OPEX for the districts and during a normal and a cold year.   
2015 

 
1987   

 

 
CAPEX OPEX CAPEX OPEX Together 

Village 966 654 1682 647 2336 

insulated 1438 281 1697 333 1978 

Inner city 1089 540 1900 701 2440 

insulated 1794 258 2049 350 2307 

Vinex 551 194 824 259 1018 

insulated 900 157 1060 197 1217 

High-rise 346 189 562 227 752 

insulated 715 117 789 146 907 

 

It must be noted that for the high-rise buildings the numbers are heavily dependent on which building 

are exactly looked at. The cost of insulation is hard to determine as it is mostly affected by the building 

structure, and there is a lot of variation between flats. For example the choice between insulating all 

apartments individually or installing a second outer building envelope for the whole building already 

has a huge influence.   

Additionally, for the village and inner city the overall decision for insulation is cost effective, but part 

of the ‘revenue’ is for the power system operator. For the individual households the cost can amount 

up to €30.000,- upfront which is a huge obstacle for most people.  

 

6.4 Sensitivity analysis 

One of the reasons for choosing a milp optimization algorithm was the certainty that the solution 

produced was a global optimum. The downside is that only the results for the best case is shown, and 

information on where exactly the other systems rank is lost. 3 future scenarios were identified, based 

on the different transportation infrastructures. The 3 cases were then simulated separately to research 

how their performances relate to each other. The 3 cases are: DHN, all-electric and a hydrogen based 

scenario. For the village and city centre the simulations were run with insulation, for the other 2 

districts without insulation.  

 

The results are shown in Figure 9.  For the village, city centre and Vinex neighborhoods the all-electric 

case is the system with the lowest societal cost. The difference with the DHN case on a central heat 

pump is very small though, especially for the Vinex neighborhood. If a source of waste heat is nearby 

that can be recovered, like heat from industry or a datacentre swing the balance in favour of a DHN. 

For the high-rise building district the optimizations in the previous sections resulted in the DHN case 

every time, but the difference with all-electric is also very small. 
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Figure 9: sensitivity analysis of the 4 districts.  
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The last case, based on a hydrogen system, is shown to be more costly than the other systems by a 

large margin. The inefficiency of hydrogen production results in an electricity consumption almost as 

high as the total cost of the other systems. The other main contributors to the hydrogen cost are the 

electrolyzer and storage tank. For all 4 hydrogen simulations, the electrolyzer was used in continuous 

full power mode to maximize hydrogen production. The storage tank was then used as seasonal 

storage, that was filled in summer and emptied during the winter.  

 

6.4.1 National hydrogen and green gas case 
The simulation model did have the option of importing hydrogen from the future hydrogen gas grid, 

and simulations were also run where the national gas grid was used for distributing biogas to the 

neighborhoods where a central CHP could supply peak electric and heating load. The optimization 

never resulted in the use of this option, which means the import price for both gasses was too high.  

In a situation where the national gas grid can be used for directly heating the houses through a boiler 

the current energy system can remain largely the same. Whether this is a cost-effective solution 

depends on two things: the price of the green gas or hydrogen and the cost of the best alternative. In 

table 10 this is roughly calculated to get a feeling for the price to which hydrogen or green gas should 

drop. As best alternative the DHN or all electric case from the previous chapter is used, and the current 

cost for the electric power system, electricity production and gas network upkeep was subtracted.  

The table shows that if the same energy were to be supplied by the new gas than the villages would 

switch to the new gas first, at a cost price of 0.06 €/kWh. For comparison, the current price of natural 

gas, (green) hydrogen and green gas (in €/kWh) is 0.026, 0.12 and 0.10 respectively.  

 

Table 10: rough estimation of break-even point for hydrogen and green gas on a national scale, 

compared with the best case found in the previous sections, on a per household basis.  

 Village City center Vinex High-rise 

2050     

Best case scenario (€)  1978 2307 1018 752 

2020    

Fixed cost & electricity 
import (€) 

-675 -684 -647 -615 

Money left for H2 or GG 
import (€) 

1303 1623 371 137 

Natural gas import (kWh) 21346 30688 13792 11930 

Break-even point (€/kWh) 0.061 0.053 0.027 0.011 
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7 Conclusion 

In regards of the climate goals for 2050, an optimization was performed on a number of technological 

options for providing the residential sector with electric power and heat sustainably, to find the least-

cost energy system. Energy transportation networks were included in the optimization and all systems 

were modelled as mixed-integer linear programmes. The simulation was performed on 4 different 

characteristic districts of the Dutch built environment: urban village, city centre, Vinex district and a 

high-rise building neighborhood.  

 

The results showed that an all-electric solution with individual heat pumps was the most cost-effective 

for the village, inner city and Vinex neighborhoods. For the first two districts this meant extensive 

insulation of all the houses, so that a heat pump had enough capacity to keep the buildings warm 

during the winter. For the Vinex district this was not the case as the buildings already had a decent 

energy performance. The high-rise building district was best off centralizing the heat supply, and using 

a brine/water heat pump for the thermal generation.  

 

Electrifying the heat supply was paired with high investment costs in the electric power system, and 

this effect was enlarged if the heat supply were to be guaranteed during an extremely cold winter. 

Ground based heat pumps were shown to reduce this effect as their performance is less weather 

dependent. The high efficiencies of heat pumps also meant that the variable costs went down, but not 

enough to offset the higher capital network costs.  

 

Electrification of the heat load also showed overloading of the current transformer in all 4 districts. 

The overloading was largest for the village and smallest for the Vinex neighborhood. In the Vinex 

district the predicted development of rooftop PV posed un equally large burden on the transformer, 

while for the other districts the effect of electrification of the heat supply on the power grid trumped 

the development of rooftop PV. The burden on the power grid could not cost-effectively be mitigated 

by local generation, as solar generation did not align with the heat demand and the large share of 

renewables already in the power mix meant low prices.   

 

2 methods for reducing the peak load were found to be cost-effective in some cases. First was the use 

of thermal storage systems for peak supply in distributed heating networks. Determining the capacity 

of the thermal storage system requires further stochastic optimization but excess capacity can be used 

for providing flexibility during the rest of the year. The second method was insulation of the houses, 

which lowers total energy consumption and the peak load. Although expensive, the results of 

insulation were positive for the village and inner city.  

 

The sensitivity analysis showed that a hydrogen scenario for local energy systems has a long way to go, 

and prices should roughly drop from 12 to 6 eurocent per kWh hydrogen before becoming an 

alternative in rural areas.   
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9 Appendix 

9.1 Detailed DHN description 

Modelling of the DHNs required 2 important values: the heat loss and the cost of the networks. The 

heat loss was calculated using a static heat loss model, where empirical values from a heating network 

in Arnhem, Netherlands were used and adapted to meet the supply temperature of the networks in 

the model [36]. The construction costs of a DHN are very site dependent, but a predictive formula is 

given in the literature based on a general classification of the site and the heat density of the area [37]. 

 

9.1.1 Heat losses 
The heat loss of a pipe segment can be approximated by a constant multiplied by the temperature 

difference of the ground and the water. The constant is dependent on the diameter and insulation of 

the pipe. The general expression is: 

 

𝐻𝑒𝑎𝑡 𝑙𝑜𝑠𝑠 = 𝑘𝑝 ∗ (𝑇𝑠 − 𝑇𝑔) 

With: 

𝑘𝑝 Constant for the pipe segment under evaluation (W/m·K) 

𝑇𝑠 Supply temperature (°C) 

𝑇𝑔 Ground temperature (°C) 

 

For the calculation, 𝑘𝑝 was taken as 0.34 W/m·K and the ground temperature was assumed constant 

at 10 °C. 

9.1.2 Construction cost 
The investment cost for constructing the DHN are given by: 

 

𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝑐𝑜𝑠𝑡 =  (𝐶1 + 𝐶2 ∗ 𝑑𝑎)𝐿 

With: 

𝐶1  Construction cost constant (euro/m) 

𝐶2  Construction cost coefficient (euro/m2) 

𝑑𝑎 Average pipe diameter (m) 

𝐿 Total trench length (m) 

 

The construction cost constant and coefficient are dependent on the type of soil, and how expensive 

it is to dig in that area. These numbers fall inside a large range, but for simplicity the average numbers 

in Table 11 were used.  

 

The average pipe diameter is dependent on the transport capacity needed. The most important 

parameter affecting this is the linear heat density. The average pipe diameter was calculated with: 

 

𝑑𝑎 = 0.0486 ∗ ln (
𝑄𝑠

𝐿
) + 0.0007 

With: 

𝑄𝑠 Heat annually sold (GJ) 
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Table 11: variables for DHN cost calculation 

 𝑪𝟏 𝑪𝟐 
Inner city area 286 2022 
Outer city area 214 1725 
Park areas 151 1378 

 

 

 

9.2 Cost exchange higher grid 

The electrical power grid does not stop at the transformer where the power is imported. The energy 

could have travelled a large distance from the place of generation to where it is eventually used, 

through the national transmission system and other medium and low voltage networks. The cost of 

these networks have to be accounted for in the price for the import/export capacity, so just the price 

of a MV/LV transformer would not suffice. 

 

A rough estimation of the real price was made by dividing the total cost of building the current national 

power grid trough the peak capacity it can supply in a year. Alliander manages approximately 1/3 of 

the Dutch distribution network, and its network has a newbuild value of 11.16 billion euro. TenneT’s 

network have a newbuild value of 6.35 billion euro, of which approximately 40% is Dutch. The total 

capacity is 18 GW. This gives the following price for exchange capacity: 

 

(3 ∗ 11.16 + 0.4 ∗ 6.352) ∗ 109

18 ∗ 106

𝑒𝑢𝑟𝑜

𝑘𝑊
= 2000 𝑒𝑢𝑟𝑜/𝑘𝑊 

 

9.3 Price settings  

 CAPEX 
(/unit) 

Unit Lifetime An. Eq. CAPEX 
(/unit) 

Source  

Central      
Solar Field 750 kW 25 43.1 [38] 
Wind on land 1781 kW 30 90.9 [39] 
Grid exchange 
capacity 

2000 kW 50 77.7 appendix 

Cable 150Al/240Al 11/22 m 50 0.44/0.88 [40] 
Electrolyzer 1200 kW 9 154 [41] 
H2 storage 11.8 kWh 25 0.68 [42] 
Fuel cell 1500 kW 9 193 [43] 
CHP 2000 kW 20 134 [44] 
Battery storage 250 kWh 10 29.3 [45] 
Thermal storage 15 kWh 30 0.77 [46] 
Central heat pump 610 kW 20 41.0 [47] 
House      
H2 boiler 2500 p.p. 18 182 [48] 
Electric boiler 1500 p.p. 18 109 [49] 
Battery 8240 p.p. 10 966 [50] 
Micro-CHP 5000 p.p. 12.5 486 [51] 
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Solar thermal 5000 p.2p. 25 287 [52] 
Heat pump 8500 p.p. 20 571 [53] 
Hot water buffer tank 746 p.p. 25 42.8 [54] 

 


