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Demand Manager:Lights 

Lights Demand Manager 

Model parameter    Value      Units 

Availability schedule name   Lighting     - 

Limit control     Fixed      - 

Minimun Limit Duration   60      min 

Maximum Limit Fraction   0.85      - 

Selection control    All      - 

Electric equipment name   Lighting     - 
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Appendix L: EnergyPlus model sketch of system with CHP only  
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Pump A:   CHP pump 

Pump B:    Circulation pump 

 

Node number:   Node name: 

Supply loop: 

Supply side: 

1    CHP Pump Inlet node 

2    CHP pump Outlet node 

3    CHP inlet node 

4    CHP outlet node 

5    CHP Supply Bypass Inlet node 

6    CHP Supply Bypass Outlet node 

7    CHP Outlet pipe inlet node 
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8    CHP Outlet pipe outlet node 

 

Demand side: 

9    CHP Demand Inlet pipe inlet node     

10    CHP Demand Inlet pipe outlet node 

11    SHW Source side inlet node 

12    SHW Source side outlet node 

13    CHP Demand Bypass pipe Inlet node 

14    CHP Demand Bypass pipe outlet node 

15    CHP Demand Outlet pipe inlet node 

16    CHP Demand Outlet pipe outlet node 

 

Demand loop: 

 

Supply side: 

 

17    CircPump Inlet node 

18    CircPump Outlet node 

19    SHW use side inlet node 

20    SHW use side outlet node 

21    Supply Bypass inlet node 

22    Supply Bypass outlet node 

23    SHW Outlet pipe inlet node 

24    SHW Outlet pipe outlet node 

 

Demand side: 

 

25    Water demand Inlet pipe inlet node 

26    Water demand Inlet pipe outlet node 

27    Water floor heating 1 inlet node 

28    Water floor heating 1 outlet node   

29    Water floor heating 2 inlet node 

30    Water floor heating 2 outlet node 

31    Water floor heating 3 inlet node 

32    Water floor heating 3 outlet node 

33    Tap water inlet node 

34    Tap water outlet node 

35    Demand bypass inlet node 

36    Demand bypass outlet node 

37    Water Demand Outlet pipe inlet node 

38    Water Demand Outlet pipe outlet node 

 

As it can be seen, the points of the splitter and mixers are pointed at in the figure.  
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Appendix M: EnergyPlus model sketch of system with CHP and gas boiler 
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Pump A:   CHP pump 

Pump B:    Circulation pump 

 

Node number:   Node name: 

Supply loop: 

Supply side: 

1    CHP Pump Inlet node 

2    CHP pump Outlet node 

3    CHP inlet node 

4    CHP outlet node 

3’    Gas boiler inlet node 

4’    Gas boiler outlet node 

5    CHP Supply Bypass Inlet node 

6    CHP Supply Bypass Outlet node 

7    CHP Outlet pipe inlet node 

8    CHP Outlet pipe outlet node 

 

Demand side: 

9    CHP Demand Inlet pipe inlet node     

10    CHP Demand Inlet pipe outlet node 

11    SHW Source side inlet node 
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12    SHW Source side outlet node 

13    CHP Demand Bypass pipe Inlet node 

14    CHP Demand Bypass pipe outlet node 

15    CHP Demand Outlet pipe inlet node 

16    CHP Demand Outlet pipe outlet node 

 

Demand loop: 

 

Supply side: 

 

17    CircPump Inlet node 

18    CircPump Outlet node 

19    SHW use side inlet node 

20    SHW use side outlet node 

21    Supply Bypass inlet node 

22    Supply Bypass outlet node 

23    SHW Outlet pipe inlet node 

24    SHW Outlet pipe outlet node 

 

Demand side: 

 

25    Water demand Inlet pipe inlet node 

26    Water demand Inlet pipe outlet node 

27    Water floor heating 1 inlet node 

28    Water floor heating 1 outlet node   

29    Water floor heating 2 inlet node 

30    Water floor heating 2 outlet node 

31    Water floor heating 3 inlet node 

32    Water floor heating 3 outlet node 

33    Tap water inlet node 

34    Tap water outlet node 

35    Demand bypass inlet node 

36    Demand bypass outlet node 

37    Water Demand Outlet pipe inlet node 

38    Water Demand Outlet pipe outlet node 

 

As it can be seen, the points of the splitter and mixers are pointed at in the figure.  

 

Node temperature sensors: 

T1    Supply water storage tank set temperature sensor (70 °C) 

T2    Supply water building loads set temperature sensor (55 °C) 

T3    Cooling water temperature sensor (max allowable 80 °C) 
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Appendix N: EnergyPlus plant loop description 
 

The plant temperature of the supply equipment entering the loop must equal the temperature entering 

the demand equipment. So the temperature entering the storage tank has to equal the temperature at the 

outlet of the gas boiler or the micro-CHP since no losses will appear through the pipes as they are 

made adiabatic. The plant outputs must match the system inputs and vice versa. The 

setpointManager:schedule controls the temperatures to be at the desired temperature (US Department 

of Energy, 2013). There are two types of loops within the HVAC simulation in EnergyPlus; an air 

loop and a plant loop. The air loop uses air as the transport medium while plant loops use a liquid fluid 

of the user’s choice, typically water. The system used in this master does only have plant loops, except 

for the design ventilation implemented. The two plant loops are named supply loop and demand loop 

and represent the loop between the supply device and the storage tank and the storage tank and the 

demand loads. The plant loops are for organizational clarity and simulation logistics divided into “half 

loops”. These half loops represent the supply and demand side of the main loop. The plant supply loop 

side contains the supply equipment such as gas boiler and micro-CHP, while the demand side contains 

the storage tank in the case of the loop named supply loop. In the case of the demand loop, the supply 

side will be the storage tank while the demand side will be the heating system of the building (floor 

heating and domestic tap water).  

 
Figure 1: Connections between the main HVAC Simulation Loops and Half Loops (US Department of 

Energy, 2013). 

 

The plant equipment on the half loop is described by a set of branches. Branches can be set in series 

and in parallel. The branches represent the pipes, supply equipment, heating equipment, storage tank 

and pumps. The system will be coupled together through the branch list, which defines which branches 

are on the demand and supply side of each plant loop. Through the concept of splitter and mixer, the 

heat is supplied to the acquired equipment. Each half loop may only have one splitter and one mixer. 

And within any single branch, there may only be components in series and not in parallel. All 

equipment that is coupled in parallel has to be divided through the splitter and mixer. Since the plant 

supply and demand are divided into two separate half loops, chillers or boiler may be in parallel to 

each other in the supply side and coils may be in parallel to each other on the demand side. Also, there 

are some restrictions when placing pumps within a particular half-loop to avoid the need for overly 
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complex solver routines. In general, all pumps placed between A and B in figure 2 are defined as loop 

pumps, and all pumps placed between Ci and Di are defined as branch pumps.  The pump placed on 

the inlet to the storage tank seen in appendix L, is therefore defined as a loop pump as it is the first 

component on the first branch (inlet branch to the storage tank). This makes the pump placed on the 

inlet to the micro-CHP or gas boiler also defined as a loop pump.  

 

 

 

Figure 2: EnergyPlus Branch layout for individual plant half-loops (US Department of Energy, 2013). 

Each branch has one or more components linked together in series. In the model made in this master, 

each branch do only have one component, as the supply and demand equipment is coupled together 

through splitter and mixer and will be in parallel. The branch has system nodes that store properties at 

a location on the loop, like temperature, enthalpy, flow rate etc., at the beginning and the end of the 

branch. Components on the branch take the conditions of the node at their inlet and use that 

information as well as overall control information to simulate the component and write the outlet data 

to the node following the component. This information is then used either by next component on the 

branch or establishes the outlet conditions for the branch. Therefore data at the inlet and outlet of each 

branch are calculated and can be computed by the simulation. However, as mentioned earlier, due to 

the concept of the splitter and mixer, the temperatures on the branches placed between the splitter and 

mixer will be the same as EnergyPlus does not do a hydraulic calculation. Even though the plant 

model in EnergyPlus is flexible, the topology of the plant system will be different from the topology of 

the actual plant system in a building. This is because EnergyPlus focuses on modeling building energy 

performance over long periods of time and is not intended as a completely flexible system that directly 

models any actual plant system with its full complexity and exact layout. But the modeling models a 

sufficient similar approach to the real system and will therefore give a realistic picture of the expected 

energy use using the specified system plant (US Department of Energy, 2013).   



xxv 
 

Appendix O: Monthly heat output and losses versus demand building 
 

Case 2,3, 8 and 9: 

 

Case 4: 

 

Case 7:  

 



xxvi 
 

 

  



xxvii 
 

Appendix P: Scientific paper 
 

The paper is added as an independent document on next page.  
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ABSTRACT 

This paper evaluates the performance of a Senertec 

internal combustion engine, which is one of today’s 

market leading micro-CHP devices, compared to a 

conventional high-efficient gas boiler. Due to its 

characteristic behavior, the best performance is 

achieved when operating in thermal following mode 

with grid connection to enable electricity exports. 

Operating in electric demand following mode lead to 

higher operation time, but due to poorer heat 

recovery at times with low electrical demand, the 

performance of the system became poorer. The use of 

renewable fuels in CHP has the potential in achieving 

remarkable savings in both primary energy and CO2-

emissions, but is today not well developed and needs 

further investigation to enable proper performance 

and security of supply.  

INTRODUCTION 

The final energy consumption in buildings in EU27, 

Switzerland and Norway has come mainly from oil, 

gas and electricity during the last two decades (BPIE, 

2011). This final energy consumption will likely 

continue, and therefore it is important to look at the 

potential of a more efficient use of these sources. 

Combined heat and power (CHP) is seen as an 

emerging technology in using these energy sources 

more efficiently as it produces electricity and heat 

from the same fuel source. It has the potential to 

reduce primary energy consumption and associated 

greenhouse gas emissions. CHP is considered as a 

potential energy supply solution within a net-ZEB 

concept due to these potential effects (Alanne & 

Saari, 2003). CHP can run on renewable fuels, but 

fossil fuels are most commonly used. However, even 

though the devices are usually fuelled with natural 

gas, it is considered a low-carbon technology due to 

that it contributes in a more efficient use of the 

limited fossil resources (Day, Ogumka, Jones, & 

Dunsdonm, 2009).   

CHP has the potential to cover both the thermal and 

electrical demand of a building, but problems around 

its dynamics hamper its market penetration. CHP 

systems have large thermal outputs, while the 

thermal demand of buildings decreases through better 

insulated building envelopes. The benefits of using a 

CHP device compared to the problems around its 

dynamics need to be analyzed in order to evaluate the 

potential of integration for use in buildings.  

In this paper, the CHP integration in a residential 

multi-family building (MFB) will be compared to a 

conventional gas boiler and different optimization 

strategies will be simulated and evaluated. The 

building complies with the Norwegian building 

norm, TEK10. The scope for this paper is to define 

an optimal control system for satisfying different 

energy demand variations in a multi-family dwelling. 

The energetic and CO2 benefits for the 

implementation of a micro-CHP system depend 

heavily on the “non-CHP” reference situation. As the 

reference case in this study is a condensing gas boiler 

which has high efficiency; the benefit of using CHP 

will depend on the system configuration of the CHP. 

It is important that the CHP device operates as 

efficient as possible, and that the power and heat 

output is produced in a rate that achieves high net 

benefit on a future basis regarding primary energy, 

energy efficiency, reduced grid interaction and CO2 

emission.  

The tool used for analyzing the CHP system 

performance is the building simulation tool 

EnergyPlus. EnergyPlus is chosen as it is a well-

developed simulation tool, and has an already 

existing CHP model integrated. The CHP model used 

is based on the international Energy Agency’s 

Energy Conservation in Buildings and Community 

Systems (IEA ECBCS) Annex 42 for a Senertech 

internal combustion engine production unit. 

MICRO-CHP TECHNOLOGY 

Internal combustion engines (ICE) are the most 

established micro-CHP appliance. The typical 

characteristics for an ICE-based micro-CHP are its 

low cost, high efficiency, wide power range and 

ability to run on different fuels (Klobut, Ikäheimo, & 

Ihonen). It is based on the automotive engine, and 

possible fuels are diesel, biodiesel, gasoline, natural 

gas, biogas and landfill gas. The possibility of using 

renewable fuels makes it an interesting choice for 

energy supply, even though natural gas and diesel oil 

are the most common fuels. 

The typical benefits of ICE devices are that they have 

high electrical efficiency, large power range and have 

the possibility of using a varying range of fuels. The 

drawbacks are that they need service regularly, are 



noisy, which is not desirable for building application, 

and their emissions strongly depend on the fuel used 

(Alanne & Saari, 2003). These units are best 

applicable for buildings with smooth electricity and 

heat consumption profiles. Micro-CHP appliances 

consume more fuel than condensing boilers, so the 

benefit of using CHP comes from the electricity 

generated. ICE units operate most effectively when 

they run for extended periods of time with very few 

start-up cycles. This is because most of the wear on 

the engine occurs during start-up (SEAI, 2011).  

 

Integration of micro- CHP systems into operating 

buildings may be challenging. This is because the 

loads are small and the load diversity is limited. The 

CHP device produces heat and electricity 

simultaneously, and in residential buildings there will 

be time where it requires one but not the other. 

Therefore it is difficult to define the best strategy for 

how it is best to use the micro-CHP for optimal 

efficiency and to cover the energy demand at the best 

rate possible. Factors like optimal sizing and control 

of the CHP system, how to meet peak loads (both 

electrical and thermal), need for and sizing of thermal 

storage, standardized technique for grid connection, 

ability to export electricity, emergency power 

operation (grid outage), safety, standards and code 

issues are important to look at when defining the 

system specifications and operating mode (Bell, et 

al., November 4, 2005). 

PERFORMANCE ASSESSMENT 

METHODOLGY 

The performance assessment will be analyzed in 

terms of primary energy, energy efficiency, grid 

interaction and CO2 emissions. 

Primary energy 

Primary energy represents the energy use associated 

with the embodied energy in natural resources such 

as crude oil, coal, natural gas, sunlight etc. It 

represents the delivered energy before any 

anthropogenic conversion or transformation. Primary 

energy rating makes possible to sum different types 

of energies (e.g. thermal and electrical) as they 

integrate the losses of the whole chain, which 

includes the losses outside the building system 

boundary (prEN 15203/15315, 2006). 

 

The primary energy consumption to generate 

electricity and heat will be considered for both 

micro-CHP and reference system. The primary 

energy demand is defined by equation 1: 

 

    ∑(               )  ∑                       (1)   

 

where 

 

PE is yearly primary energy demand, 

in kWh; 

DE  is yearly delivered energy for 

energy source i, in kWh; 

XEi  is the yearly exported energy for 

energy source i; 

fprim,del,i  is primary energy factor for energy 

source i, in kWh/kWh;  

fprim,del,i  is the primary energy factor for the   

exported energy source i; 

(NS-EN 15603:2008, 2008). 

 

For comparison between the micro-CHP system and 

the conventional reference system, the primary 

energy savings (PES) will be evaluated. This is given 

by equation 2: 

 

    
                  

        
                  (2) 

Where 

 

PETOT,GB,  is primary energy of fuel and 

electricity consumed by the 

conventional system, in kWh ; 

PETOT,CHP  is the primary energy of fuel and 

electricity consumed by the CHP 

system, in kWh. 

Energy efficiency 

The overall energy efficiency depends on several 

factors; the prime mover, the size of the plant, the 

temperature at which the recovered heat can be 

utilized and conditioning and operating regime of the 

cogeneration unit. It is a measure of how efficient the 

energy is produced, distributed, stored, converted and 

used (Dorer & Weber, 2007).  

 

Both CHP and system performance are evaluated 

based on equations 3-8. Efficiencies regarding the 

specific efficiencies of the CHP unit and the 

reference case of a condensing gas boiler are based 

on equations from EN 15316-4-4:2007 (NS-EN 

15316-4-4:2007, July 2007), while system 

efficiencies are based on proceedings conceded by 

Annex 42  (Dorer & Weber, 2007). 

 

CHP efficiency:  
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CHP thermal efficiency:  
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CHP electrical efficiency:  
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Boiler efficiency:  
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System efficiency based on delivered energies: 
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System efficiency based on primary energies: 

 

    
               

∑   
             (8) 

 

 

Where 

OEth,CHP  is the thermal output of the CHP 

device; 

OEEl,CHP is the electrical output of the CHP 

device; 

OEth,boiler  is the thermal output of the boiler; 

DEFuel  is the gross input to the generator; 

DEi  is the delivered energy of source i; 

PEi  is the primary energy of source i; 

  

Reduced grid interaction 

This assessment is based on an analysis of the 

building related to the reduced grid interaction. In 

this context, reduced grid interaction means reduced 

grid import as exported electricity is assumed 

beneficial for CHP. This is only an assumption, and 

in reality a grid structure has to be organized to make 

electricity export feasible economically as well as 

environmentally.  

 

The exported and delivered electricity from/to grid 

can be explained by equation 9 and 10, respectively: 
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And 

 

             

{
                                        

                                                           
    (10) 

 

Where,  

XEEl-NetGrid is the net amount of electricity 

exported to the grid; 

DEEl-NetGrid is the net amount of electricity 

delivered from the grid; 

 

CO2-emissions 

The CO2 emissions are calculated by the equation 11 

taken from (NS-EN 15316-4-4:2007, July 2007) : 

 

      ∑             ∑                         (11) 

 

where, 

 

mco2 is the yearly CO2 emissions, in 

kilograms; 

DEi  is the yearly delivered energy for 

the energy source i, in kWh; 

XEi  is the yearly exported energy for 

the energy source i, in kWh; 

Kdel,i is the CO2 factor for the delivered 

energy source i,  in kg/kWh. 

Kexp,i is the CO2 factor for the exported 

energy source i, in kg/kWh. 

 

In order to compare the CO2 equivalent emissions by 

the CHP system and the reference system, equation 

12 is used. 

 

      
    

       
   

    
                 (12) 

Where,  

 

       is the CO2-savings using the CHP 

system, in %; 

    
   is the CO2-emissions for the 

reference system, in kg/kWh; 

    
     is the CO2-emissions for the CHP 

system, in kg/kWh; 

 

SIMULATION MODEL 

The main objective with CHP modeling is to predict 

the thermal and electrical outputs of a cogeneration 

device as precise as possible. 

 

The internal combustion engine used in this study is a 

Senertech ICE, which is based on an Otto cycle 

(Thomas, 2008). This unit is chosen because there 

existed already calibrated data for this engine in the 

simulation tool used, EnergyPlus. As this engine is 

one of the market-leading micro-CHP appliances, an 

evaluation of its optimal performance is of interest. 

In the simulations, the ICE cogeneration model will 

consist of two sub-models.  

1. An engine/generator unit model that predicts 

the heat production and the electrical 

generation in response to changing building 

energy demand.  

2. A thermal storage model that predicts the 

energy and mass flows in all other portions 

of the ICE cogeneration systems.  

A thermal storage is includes as this ensures a more 

stable and secure operation of the CHP. The CHP 

model used is based on the generic ICE/Stirling 

engine model developed by Annex 42, and represents 

any combustion-based cogeneration device (Ian, 

Ferguson, Griffith, Kelly, & Weber, 2007). The 

model has a nominal electric efficiency of 0.27 and 

nominal thermal efficiency of 0.66. The heat to 

power ratio of the engine is 2.44. These efficiencies 

are based on lower heating value (LHV) of the fuel. 



The generator has an upper capacity of 5.5kW 

electric output.  
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Figure 1 Configuration CHP system 

The CHP system configuration is shown in figure 1. 

The auxiliary gas boiler is coupled in parallel to 

supply peak demands at times when the CHP device 

is not able to cover the entire demand. Heat is 

supplied to the tank with a supply temperature of 

70°C. Domestic hot water is set to have a supply 

temperature of 55°C to avoid legionella. Temperature 

sensors are placed inside the tank to ensure 

acceptable tank temperatures. At the top of the tank, 

the set temperature is set to be 60°C. To avoid 

overheating of the storage, a maximum temperature 

limit is set for the storage tank. This is the 

temperature where the tank water becomes 

dangerously hot and is vented through boiling or an 

automatic safety. Any extra heat added to the tank 

after this maximum temperature is immediately 

vented. This temperature is set to 98°C. To control 

the cooling water mass flow rate to the CHP unit, an 

internal control is chosen. This indicates that the flow 

of cooling water is controlled inside the CHP device, 

similarly to an automobile’s thermostat (EnergyPlus- 

US Department of Energy, 2013). The maximum 

cooling water temperature is set to be 80 °C. 

 

The CHP model is integrated in a multi-family 

building constructed after the Norwegian building 

norm, TEK 10, having a total floor area of 450 m
2
.  

The building model is made with low-radiant floor 

heating, a simple balanced constant air ventilation 

and domestic hot water profiles are made based on 

standard usage from NS 3031  (NS 

3031:2007+A1:2011, 2007/2011). Electricity demand 

profiles are made based on data from CREST 

domestic electricity demand model, which can be 

downloaded from Loughborough University’s 

homepage (Richardson & Thomson, 2010). The 

thermal and electrical energy demand for a typical 

cold and warm day can be seen in Figure 1 and 2.  

 
Figure 2 Power and heat demand cold day 

 

 
Figure 3 Power and heat demand warm day 

OPTIMIZATION STRATEGIES 

Load management 

Load management or demand management is a 

procedure to adjust the electrical demands rather than 

the output of the plant. This can be done by for 

example forced switch-off of large power consumers 

such as sauna stoves and ovens or by limited 

simultaneous use of electrical appliances (Alanne, 

Micro-Cogeneration-I: Introduction). Today, demand 

management usually concerns the demand for 

electricity, but in the future demand management for 

other utilities such as natural gas or water might be 

possible.  The main principle with the demand 

management controls is to shut off or reduce the 

power to non-essential loads. This, in order to reduce 

the overall building demand which will be beneficial 

for the CHP device as it can cover a larger part of the 

building’s demand, and thus reduce the amount of 

imports from the electricity grid. Typical controls 

are: 

 Shut off or dim electric lights, equipment, or 

HVAC systems 

 Reset the thermostatic set points on HVAC 

systems (if electrical) 

 Reduce the load of a set of similar 

components by rotating one or more 

components “off” for a short time interval 

 Turn on generators to meet some or all the 

building’s demand 

 (EnergyPlus- US Department of Energy, 

2013) 

The first approach in the load management will be to 

reduce the electricity demand below the standard 

values for yearly electricity in NS 

3031:2007+A1:2011 (NS 3031:2007+A1:2011, 

2007/2011).  This value is in total 28.9kWh/m
2
. The 

building has pretty low energy demand for lighting, 

while the energy demand for electrical appliances are 

relatively high. Therefore, the majority of the 

demand management should be done here.  



Power control 

In order to achieve an optimal match between 

demand and supply it is possible to implement 

several operation modes. The control of the micro-

CHP device defines the basis on which the prime 

mover is activated, deactivated or turned down. The 

device can be set to operate in a heat following mode, 

electrical follow mode, a time-led mode or a hybrid 

approach may be adopted (Peacock & Newborough, 

22. June 2005).  

For the heat following operation mode, start and stop 

control decisions will be based on temperature 

differences between the indoor and outdoor 

temperature. The micro-CHP device will operate to 

cover the whole thermal demand of the building, and 

electricity will be produced thereafter. This can, 

however result in more frequent on-off operation of 

the device, at least in periods when the thermal 

demand of the building is not stable. The benefit is 

that the whole thermal demand will be covered by the 

CHP device, and a supplementary boiler is not 

necessary as long as the thermal output of the 

generator is large enough to cover the peaks. The 

electrical excess produced by the CHP in the case of 

thermal load following mode is stored in batteries or 

fed into the grid. It is assumed that the exports from 

the CHP incur negligible distribution losses before it 

reaches its point of use. Electrical shortage is covered 

by grid electricity or by discharging the battery 

storage. Only grid electricity has been implemented 

as an option in this study.  

For electricity following mode, the cogeneration 

device is operated to cover the electrical demand of 

the building as far as possible. This will reduce the 

amount of imports significantly, but thermal surplus 

may be generated at times when it is not needed. 

Also, when the electricity demand is low, the CHP 

device will often not be able to cover the thermal 

demand of the building. This make it necessary to 

have a large enough storage tank to store the surplus 

heat, and a supplementary boiler to cover the thermal 

demand at times when the CHP-device is unable to 

cover the demand.  

On an electricity supply basis, the system is set to 

operate in parallel with other systems. Then the CHP 

system will supply the consumer until it reaches it 

maximum electrical output. The part not covered by 

this output is imported from the electricity grid. For 

parallel power applications, the micro-CHP and 

utility grid can operate simultaneously, and power 

can be supplied into the utility grid (Klobut, 

Ikäheimo, & Ihonen). The thermal output of the 

system will be used whenever possible, and rejected 

to the atmosphere otherwise. For the use of biomass 

as fuel, this rejected heat can also be used to dry the 

fuel (Klobut, Ikäheimo, & Ihonen). 

 

For the follow electrical mode two different control 

options will be investigated for the ICE: 

1. Unrestricted thermal surplus, ICE. The 

operation of the micro-CHP system depends 

on the electricity demand of the building, 

and heat is produced thereafter independent 

on the thermal demand of the building. In 

this option thermal surplus is allowed, and 

will get stored in the storage tank as far as 

possible and wasted when the tank exceeds 

its upper limit. 

2. Restricted thermal surplus, ICE. The CHP 

system is set to follow the electricity 

demand as in (1), but only if 

(NESH+NEDHW)>OEth,CHP, or if 

(NESH+NEDHW)< OEth,CHP and Tstore<Tmax. 

Applying this control ensures that the 

thermal output of the micro-CHP system 

will better match the thermal demand of the 

building, and thermal surplus is avoided. 

However, this may result in more start/stop 

events of the device (Peacock & 

Newborough, 22. June 2005). 

 

Tmax is the maximum temperature 

setting of the thermal storage, 

which is set to 75°C; 

NESH is the demand for space heating, in 

kWh; 

NEDHW is the demand for domestic hot 

water, in kWh; 

OEth,CHP is the thermal output of the CHP, in 

kWh; 

Thermal storage 

One common form for short-term storage is the usage 

of buffer tanks in the system configurations. A 

stratified storage tank is used in this study. 

Stratification in a storage tank depends mainly on the 

volume of the tank, the size, location and design of 

the inlets and outlets, and the flow rates of entering 

and leaving streams. Stratified tanks are useful for 

maximizing the thermal energy efficiency of non-

continuous and semi-continuous processes. Liquid at 

two or more dissimilar temperatures is stored within 

the same tank to provide a buffer for variations in 

heating and cooling loads. Control of the thermocline 

between the hot and cold fluid regions is needed to 

minimize thermocline growth and maximize 

operation of the storage tank (Walmsley, Atkins, & 

Riley). Two storage tank sizes is analyzed: 500 l and 

1000 l. Buffer storage integrated in a building’s 

heating system helps reducing the peak demand and 

energy consumption, especially when energy costs 

during peak periods are much higher than those in 

off-peaks periods (Nelson, Balakrishnan, & Murthy, 

24 September 1998). Thermal storage tank is used to 

provide greater operational flexibility during 

transient load demands.  

Use of renewable fuel 

To lower the CO2 emissions, the use of biogas as a 

fuel instead of natural gas has been viewed as an 



option. Biogas is considered as a more renewable 

fuel than natural gas, and since it comes from sources 

which naturally would have contributed to CO2 

emissions, the contribution of CO2 emissions will be 

remarkably smaller. Principally biogas can be 

produced from household waste and agrifood 

industry. During the processing of biogas, generally 

approximately 65% methane (CH4) and about 30% 

carbon dioxide (CO2) is produced (Malik & 

Mohapatra, 2012). Biogas can also be upgraded to be 

a substitute for natural gas. Upgraded biogas, also 

called biomethane, can be interchangeable with 

natural gas and is also superior to natural gas in 

several aspects. Biomethane is cleaner burning as it 

does not contain hydrocarbons heavier than CH4. 

Biomethane does also offer the opportunity for a 

carbon negative fuel, not just carbon neutral, as it is a 

renewable source of CH4 and the biogas source can 

be from waste (Mezei, 2010).  

The upgraded biogas can be supplied to the already 

developed natural gas grids and delivered to 

households and industry. The expected energy 

requirement for a single produced cubic meter of 

natural gas substitute (upgraded biogas) is equal to 

around 0.3 kWh (Makaruk, Milthner, & Harasek, 

2010). 

RESULTS AND DISCUSSION 

Difference cases with different operational strategies 

have been made to evaluate the effect of each 

operation and its impact on the CHP-device.  The 

cases are presented in table 1 

 

Table 1 

Cases simulated 

Case 

number 

Description 

1 Reference case: GB, storage tank with 

reference parameters 

2 CHP only with storage with reference 

parameters and follow thermal mode 

3 CHP only with storage, follow thermal 

mode and load management 

4 CHP and GB with storage and follow 

thermal, limit electrical surplus mode 

5 CHP and GB with storage tank size 0.5 

m
3
 and follow electrical mode with 

restricted thermal surplus 

6 CHP and GB with storage tank size 0.5 

m
3
 and follow electrical mode with 

unrestricted thermal surplus 

7 CHP and GB with storage tank size 0.5 

m
3
 , follow electrical mode as in 5 and 

with load management 

8 CHP only follow thermal mode tank size 

1.0 m
3
 

9 CHP only with storage, follow thermal 

mode and upgraded biogas as fuel 

Primary energy 

The primary energy factors for natural gas and 

electricity used in the calculations are from NS-EN 

15603:2008 as seen in table 1. The primary energy 

factor for biogas is taken from SAP’s report for 

proposed carbon emission factor and primary energy 

factor (Pout & BRE, 2011). 

 

Table 2 

Primary energy factors from (NS-EN 15603:2008, 

2008), biogas from (Pout & BRE, 2011)  

 

 Primary energy factors fP 

 Non-renewable Total 

Natural gas 1.36 1.36 

Biogas 1.092 1.092 

Electricity mix 

UPCTE 

3.14 3.31 

 

 
Figure 4 Primary energy savings 

 

As can be seen by figure 4, case 9 achieve the highest 

primary energy savings with a reduction of 34.3% 

compared to the reference case. Generally, the cases 

in follow thermal mode achieve greatest primary 

energy savings. Applying load management further 

increases the savings, and the primary energy 

consumption reduces with 31.29% in the case of 

thermal following operation mode and 17.69% in 

electrical following operation mode. Electrical 

following operation mode without implemented load 

management achieves low primary energy savings 

due to the frequent use of the auxiliary gas boiler and 

less efficient heat production.  

Energy efficiency 

The efficiencies are based on higher heating value, 

and are presented in table 3. Case 9 achieves the best 

system efficiency based on primary energy, 

representing an increase of 20.8% compared to the 

conventional gas boiler. This is mainly due to the low 

primary energy usage as upgraded biogas is used, 

which is considered a renewable fuel.  As can be 

seen, the cases in thermal following operation mode 

achieve better system efficiency than the cases in 

electric load following mode. Also regarding the 

specific CHP efficiency, these cases achieves best 

operation. The cases in electric load following mode 

achieves higher electric efficiency, but since the 



thermal recovery efficiency becomes remarkable 

poorer this reduces significantly the all-over 

performance of the system. In case 6 with 

unrestricted thermal surplus, the corresponding losses 

were significantly higher than the other cases. This is 

due to unmatch between thermal supply and demand, 

especially during summer season. For all the CHP 

cases analysed, the CHP efficiency was lower during 

the summer months. This indicates that CHP has 

better operation when the thermal demand of the 

building is high, and the relation between the thermal 

and electrical demand of the building becomes closer 

to the heat to power ratio of the CHP. 

Operational characteristics 

Figure 5 shows the monthly operational hours for 

each of the cases simulated. 

 
Figure 5 Monthly operational hours 

 

As can be seen, the cases in electric following 

operation mode achieve higher monthly operating 

hours than the cases in thermal load following 

operation mode. This is due to a continuous 

electricity demand during the seasons as some 

electrical devices consume standby power even when 

not in use. As the CHP is set to follow the electrical 

demand, the CHP can operate continuously, as some 

electricity demand is present at all hours of the year. 

With unrestricted thermal surplus, the CHP could 

therefore operate at full operation the whole year. 

Restricting the thermal surplus led to lower operation 

time as the device could not operate if the tank 

temperature exceeded 75°C. The cases in thermal 

load following operation mode was more affected by 

demand variations over seasons as the thermal 

demand of the building was significantly higher 

during the cold season than the warm season. This 

led to higher operating hours during the colder 

months. Increasing the thermal storage led to lower 

operating hours as the output of the generator was 

higher at each time step as more heat could be stored 

in the tank. As the thermal demand of the building 

remained the same, the generator had to operate less 

time as the tank then could supply heat to the 

building for longer intervals than with a smaller tank 

size.  

Reduced grid interaction 

One of the main promoting arguments for the 

application of micro-CHP in buildings is its reduced 

grid interaction. The amount of imports reduced is 

beneficial as this avoids electricity imports from 

larger power plants with higher emissions, as well as 

transmission losses are avoided as the electricity is 

produced on site. Figure 6 shows the proportion of 

demand covered by the CHP versus utility grid for all 

cases simulated.  

 

 
Figure 6 Proportion of demand covered by CHP 

versus utility grid, all cases 

 

As can be seen, the CHP covers the greatest part of 

the electricity demand in case 6. This is as expected 

as the generator is set to follow the electrical demand 

of the building without thermal surplus restriction. In 

this case, the CHP covers the demand until it reaches 

its upper capacity limit. Only the demand exceeding 

5.5 kW is imported from the utility grid. However, in 

this operation mode, significant thermal surplus was 

present during the summer season, which reduces the 

efficiency as this amount is wasted. Implementation 

of seasonal thermal storage would here be an option 

to increase efficiency as heat waste would be 

remarkably reduced. However, this option was not 

Table 3 

Comparison efficiency all cases (HHV) 

 1 2 3 4 5 6 7 8 9 

Thermal efficiency - 0.521 0.524 0.423 0.394 0.440 0.405 0.523 0.521 

Electrical efficiency - 0.226 0.228 0.238 0.238 0.243 0.241 0.220 0.226 

CHP efficiency - 0.747 0.751 0.662 0.633 0.684 0.646 0.744 0.747 

Gas boiler efficiency 0.902 - - 0.941 0.941 0.943 0.942 - - 

System efficiency (DE) 0.914 0.741 0.721 0.828 0.795 0.705 0.788 0.731 0.741 

System efficiency (PE) 0.499 0.561 0.637 0.519 0.509 0.501 0.547 0.549 0.707 

% increase from 1 - 6.076 13.80 2.00 1.00 0.20 4.80 5.00 20.80 

 



included in this study. By implementing thermal 

surplus restriction, the amount of electricity demand 

covered by the CHP significantly reduces. In this 

case, the generator was only able to cover 53.69% of 

the electricity demand. Implementing load 

management, however, makes the CHP device more 

capable to cover the demand, and the CHP covers 

75.89%. In thermal load following operating mode, 

the generator covers less of the electricity demand. 

However, the amount of exports is significant 

without implemented electrical surplus restriction. 

Case 3 in follow thermal operation mode with 

implemented load management represents the highest 

amount of exports, representing 76.61% of the 

produced CHP electricity.  

CO2-emissions 

Another promoting argument for using CHP is the 

allover resulting CO2 savings compared to the 

conventional gas boiler. However, these savings 

depend on the emission factor for each of the energy 

sources used. Table 4 show the CO2 production 

coefficient used in the calculations. 

 

Table 4 

CO2-production coefficients (NS-EN 15603:2008, 2008)  

(Dokka, 2011) (Pout & BRE, 2011) 

 CO2 production coefficients K 

(kg/MWh) 

 NS-EN 

15603 

SAP 

2012 

Net-ZEB (yearly 

average 2014-2029) 

Natural gas 277 - - 

Biogas - 98 - 

Electricity 617 - 269.7 

 

As can be seen, the CO2 production coefficient for 

electricity using the net-ZEB definition is 

substantially lower than today’s UCPTE electricity 

mix. This will affect the environmental benefits of 

implementing CHP. In the results, the value of HHV 

is used for the delivered energy to calculate the CO2- 

emissions related to this energy.  

The emissions coefficient for the electricity using 

net-ZEB definition is calculated based on the 

following formula taken from the “Proposal for CO2-

factor for electricity and outline of a full ZEB-

definition” (Dokka, 2011): 

 
       

{
        [        ]                          

                                                                                     

  

Where, 

 

       is the CO2 factor for electricity for 

year t, in g/kWh; 

     is the actual year; 

 

 
Figure 7 CO-emissions UCPTE electricity mix 

 

On an environmental perspective the cases in follow 

thermal mode achieves the highest amount of CO2-

savings compared to the reference case (1) as can be 

seen in figure 6. The use of upgraded biogas as fuel 

(case 9) results in the greatest CO2 savings. This is as 

expected, as biogas is considered a CO2 neutral fuel. 

As exported electricity is substituted from the total 

emissions from the CHP, the resulting CO2 emissions 

from biogas fuel are completely limited. Using 

natural gas as fuel, however, results in significant 

lower CO2-savings, where the highest savings are 

achieved in case 3. This indicates that buildings with 

more stable electricity demand is beneficial for the 

CHP operation, and where the relation between the 

thermal demand and electrical demand is higher.  

Using the Net-ZEB CO2 emission factor for 

electricity mix, CO2 savings were only seen in case 9 

when upgraded biogas was used as fuel. The other 

cases resulted in an increase in emissions compared 

to the reference case. This questions the benefits on a 

future basis of implementing residential CHP on a 

CO2 perspective as the CO2 factor for electricity is 

expected to decrease over the upcoming years as 

electricity production is becoming greener (Dokka, 

2011). Therefore, the CHP system should represent a 

net benefit in CO2 emissions also on a future 

perspective in order to be a sustainable option. The 

use of renewable fuel should be further investigated, 

and pilot project should be developed to enable an 

efficient operation in practice also on these fuels. If 

this is obtained, huge environmental benefits will 

result 

CONCLUSION 

The study investigated the performance of different 

operational strategies applied to a micro-CHP system 

supplying a multi-family building built after the 

Norwegian building norm TEK10. To evaluate the 

performance of a micro-CHP device, a detailed 

model of the system was needed in order to predict 

the electrical and thermal performance with sufficient 

temporal resolution and accuracy. All strategies have 

been compared to a high-efficient condensing gas 

boiler, which represents the best system available in 

the market. A high-efficient condensing gas boiler 



was chosen in order to evaluate the possibilities for 

increased market penetration for CHP technology. 

For primary energy and CO2 emissions, it was found 

that case 9 represented the highest savings, which 

shows that the usage of renewable fuels in CHP is 

beneficial on an environmental perspective compared 

to natural gas. However, this depends on the security 

of supply and the possibility to transfer upgraded 

biogas in the already existing natural gas networks. 

By using natural gas as fuel, the implementation of 

load management in thermal load following 

operation achieved highest primary energy savings as 

well as CO2-savings, and represented 31.29% and 

26.58%, respectively. It was in general seen that the 

thermal load following operation scheme resulted 

beneficial over the electric load following scheme in 

all the performance assessments reviewed except for 

reduced grid interaction. Case 6 resulted in the 

highest reduction in imports, where imports were 

reduced to 11.73% of the total electricity demand. 

However, this impacted the system efficiency as 

significant amount of heat was wasted during the 

summer months due to overproduction of heat. Such 

operation would strictly depend on seasonal storage 

to be beneficial. Case 3 represented the highest CHP 

efficiency with a value of 75.1% (HHV), and case 9 

represented the highest system efficiency with a 

value of 70.7% (HHV). From this it can be concluded 

that further investigations and development of pilot 

projects should be done to determine a proper 

operation of CHP in thermal load following mode 

using renewable fuels.   
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