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Abstract: The use of low-grade industrial waste heat to feed existing or new built district heating networks is receiving 
increasing attention as a means to provide symbiotic benefits to urban areas proximal to industrial plants, particularly 
in terms of energy efficiency and decarbonization. However, where new networks have to be built, it may be hard for 
such concepts to be put into practice because of high capital costs of infrastructure, doubts on the opportunity to rely 
on – possibly risky – long term collaboration with and between industries, concerns about environmental impact, and 
difficulty in delivering heating services in an equitable way across urban areas. This paper presents a GIS-based 
optimization approach to identify the best layout for district heating networks taking into account spatial distribution 
patterns of residential heating demand. In particular, the approach is applied to a waste heat recovery application from 
a cluster of energy intensive firms for the benefit of a small town. The objective of the optimization is to identify the 
combination of grid-based services (natural gas and district heating) which minimizes the life cycle cost of heat supply 
to the urban area of concern. The model is also used to identify the most profitable areas to supply with industrial 
waste heat and to simulate different combinations of fuels and energy conversion systems, in order to achieve a wider 
and more equitable penetration of district heating into the town. It is found that complementing industrial waste heat 
with integration boilers usually results in wider networks with lower levelized costs of heat. However, depending on 
the fuel type selected and on the environmental impact indicators considered, trade-offs between economic and 
environmental performance of alternative systems design are likely to emerge. 
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1. Introduction 

Low temperature industrial waste heat is a largely 
underutilized resource, whose recovery can bring about 
significant environmental benefits (Mirò et al., 2018). 
District heating (DH) is often seen as an attractive option 
to promote the emerging industrial and urban symbiosis 
concepts of industrial ecology (Dong et al., 2016), 
supporting energy supply from energy intensive factories to 
urban areas. However, district heating networks are capital 
intensive infrastructures, which, even when exploiting 
industrial waste heat are able to pay off only if heat 
transport distances are not exceedingly long as compared 
with transported heat flows (Chinese et al., 2018). 
Furthermore, in the Italian context DH has to compete 
with well deployed natural gas networks and with a growing 
trend to biomass use in individual plants for residential 
heating. Thus, it is important that optimal layout of district 
heating networks depending on demand are identified, to 
support the assessment of such solutions compared with 
existing schemes.  

Optimization based on mixed integer linear programming 
(MILP) has been recognized as the most widely applicable 
approach to support district heating systems planning 
(Sameti and Haghighat,  2017 ). In the last decade, GIS have 
also been increasingly used for managing all data relevant 
for district energy, such as heating demand and costs of 
connecting different urban areas with different grids 
(Nielsen and Möller, 2013). Integrating GIS and MILP has 
thus emerged as a state of the art methodology for grid 

based energy systems planning; however, only a few recent 
models are reported in literature (Dorfner, 2015, Delmastro 
et al., 2016, Unternährer et al., 2017). In this paper, the 
authors report the results of the application of a modelling 
framework developed in a cross-border research project 
named IDEE (Hofsäß et al., 2018) to the case study of the 
industrial area of a small town in North-Eastern Italy. 
IDEE models build upon on the open source code Rivus, 
developed and presented in detail by Dorfner (2015), which 
was chosen mainly because it allows to simulate user-
defined conversion technologies, and it enables 
simultaneous modelling of different energy grids (natural 
gas, district heating, and electricity). In particular, the open 
structure of Rivus was exploited in IDEE to model 
emissions of both GHG and air pollutants such as NOx, 
SOx, and particulate matter for the systems considered. In 
the current work, models have been developed for the 
assessment of the economic feasibility of symbiotic district 
heating from industrial waste heat recovery and of 
complementary cogeneration systems.  

2. Methodology 

Rivus relies on mixed integer linear programming; its 
objective function is the minimization of annual equivalent 
systems costs of overall municipal energy systems. Decision 
variables and parameters are described in section 2.1. 
As every mathematical model of real systems, Rivus is 
underpinned by a number of simplifications and 
assumptions, which allow to maintain problem size and 
computational times within reasonable limits. First, its 
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MILP form requires that all relevant aspects are 
represented by linear equations. For equipment cost, in 
particular, this leads to partially neglect economies of scale, 
which are accounted for only by fixed (size-independent) 
cost terms, representing indivisible costs. Other 
assumptions relevant for the problem at hand are 
summarized in section 2.2.   

2.1. Model variables and parameters 

Model variables are both binary and continuous and 
identify: 

x The location (at network nodes), type and capacity of 
service generation points (e.g. heat sources for district 
heating, power sources for electricity networks); 

x The location (along network edges, defined as couples 
of vertex nodes) and capacity of installed service 
distribution branches; 

x The utility flows produced and transported along 
installed distribution branches in each time step. 

The main model parameters are: 

x Georeferenced service demand profiles over time; 

x Georeferenced feasible pathways for network 
branches; 

x Maximum capacities and feasible locations for service 
sources (e.g. waste heat recovery sources for district 
heating); 

x Costs of inputs, equipment cost function parameters, 
energy conversion or transportation efficiencies, and 
emission factors.  

2.2. Model assumptions and limitations 

It is assumed that: 

x Only street networks (obtained from GIS) are feasible 
pathways for branches. This assumption may lead to 
overestimate network costs, in that no greenfield 
options are taken into account; 

x The service demand by all users must be satisfied in 
each time step by the sum of imported (e.g. electricity 
from national grid), individually or centrally generated 
services. Export of services was not covered by the 
original Rivus model. To assess the feasibility of 
electricity generation with CHP systems, a virtual user 
of electricity of suitable magnitude, that purchases 
power at market prices or feed-in-tariffs, was 
introduced in this work to model the national electricity 
market. 

x The service demand, which is first calculated at 
individual building level, is aggregated along street 
edges by GIS pre-processing routines. At a municipal 
size with some thousands of buildings (about 6500 in 
the case at hand), establishing the best mix for each of 
them would prevent algorithms from converging within 
a couple of days of computation. A shortcoming of 
losing information on individual buildings is that, to 

allow co-existence of multiple utilities meeting the same 
demand (e.g. natural gas and domestic boilers vs. 
district heating) at edge level, which is reasonable, we 
are implicitly that multiple utilities (e.g. district heat 
exchangers and natural gas boilers) also co-exist at final 
user sites, as hybrid systems. Also, the opportunity of 
accounting for size-independent equipment cost 
components of individual installations is lost; the costs 
of domestic hubs are thus simply assumed to be 
proportional to their total capacity. 

The demand profiles are given as discretized load duration 
curves over a reduced number of time steps. This is a long 
established practice in MILP modelling of heating systems 
(Gustafsson, 1998). There is consensus (Dorfner, 2015) 
that this generally leads to acceptable accuracy, as long as a 
reasonably short peak heat period is provided, on which the 
definition of energy conversion and transportation 
capacities by optimization procedures is based. 
Nevertheless, as the discretization criteria are arbitrary, the 
impact of different choices should be tested. Some testing 
of the impact of different heat load profiles on economic 
performance has been performed (Chinese et al., 2018) and 
is being performed in the project, but is beyond the scope 
of the present paper. 

3. Case study description and model 
implementation 

The case study considered is related to the city of Maniago, 
located in North-eastern Italy. Maniago is an industrial 
town, well known for metallurgical and metal working 
industries, which are generally energy intensive and often 
feature significant waste heat flows. Furthermore, in the 
municipal territory there is also a waste-to-energy (WTE) 
plant, where organic waste is treated to produce biogas 
through anaerobic digestion. Biogas is currently used for 
power generation in internal combustion engines, and only 
a minimum fraction of waste heat is recovered for internal 
processes. The municipal administration is therefore 
interested in evaluating the feasibility of exploiting waste 
heat sources by building a new district heating system. Rivus 
has been applied for that purpose by implementing 
following steps: 
x Identification and quantification of WHR 

opportunities, 
x Model definition (selection of the technologies of 

interest) and scenario definition (defining values and 
combinations of technologies to be simulated for 
assessment), 

x Model implementation, by identifying and collecting 
technic, economic, environmental and spatial data to 
populate the model database. 

3.1  WHR opportunities 

Four waste heat sources are considered for the city of 
Maniago. Three of them derive from industrial waste heat 
(IWH) from metal working industries, while the last one is 
related to the WTE plant. All these plants work on a 24/7 
basis: for this case study, waste heat flows have been 
assumed to be steadily available, and the costs of hot 
storage systems required to make up for unavailability are 
neglected. Walk through energy audits within companies 
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have been performed; it was assumed that full recovery 
from hot gas flows at a temperature of 90°C was possible 
and Equation 1 was used to estimate the heat flows Q [kW] 
that can be recovered from a mass flow m of hot gas at an 
initial temperature t which is brought at 90°C by reducing 
its temperature of 't. 

 
                   Q = m ∙ cp ∙ ∆t                  (1) 

Moreover, natural gas combined heat and power (CHP) 
systems based on internal combustion engines also exist in 
two companies, whose residual heat flows are at the 
moment only partially used for internal processes. Total 
waste heat flows available at least at 90°C are summarized 
in Table 1.  

Table 1: Average available waste heat flows  

Company A B C WTE Total 

Heat supply 
[kW] 796 2112 1039 4204 8151 

From a spatial viewpoint, companies A, B, and C are close 
to each other and form a cluster within the industrial area 
at about 4 km from the residential area. The WTE plant is 
located further South, at about 8,5 km street distance from 
the industrial area. 

3.2 Model definition 

The energy model implemented in Rivus for the city of 
Maniago is represented in Figure 1.  

Figure 1: Energy model for Maniago 

Alternative technologies and sources to supply heat to the 
DH system include: 

x “Heat only” technologies, such as woodchips boilers 
(Bio Boiler) and natural gas boilers (DH gas boiler, 
obtaining natural gas at tax exempt DH price) 

x Waste heat recovery technologies, including heat 
exchangers to be installed at sites A, B, C, and WTE 

x Cogeneration technologies, including biomass 
based cogeneration with Organic Rankine Cycles 

- ORC (Rossi et al., 2009) and natural gas engines, 
fuelled with gas at tax exempt cogeneration price 
(Chinese, 2008). 

3.3 Heat load curves 

GIS data, which include building information from 
cadastres in terms of building size and age, have been 
elaborated within the IDEE framework (Condotta et al., 
2018) to estimate the total yearly heating demand for final 
users, as well as their peak heat demand. The overall peak 
heat demand for all residential and service buildings (e.g. 
schools, public buildings, stores) is estimated at 88,7 MWt. 
Industrial buildings have not been considered as users but 
only as potential sources, due to their generally low space 
heating demand and favourable fuel prices. To account for 
seasonal variations in space heating demand, the discretized 
heat duration curve reported in Figure 2 is obtained by 
evaluating daily average external air temperature based on 
hourly weather data and fixing a cut-off temperature equal 
to 13°C in order to account for internal heat gains during 
the day. The peak demand starts when the outside 
temperature is under -2°C, the high demand stretches 
between -2°C and 6°C, while the mid demand is between 
6°C and 13°C. The remaining time is considered as base 
demand.  

Figure 2: Heat load curve for Maniago 

 

3.4 Scenario definition 
Several scenarios have been devised and evaluated for 
Maniago and other towns in the frame of the IDEE project. 
In this paper, we present a minimum set of four scenarios 
to quantify the economic and environmental benefits and 
costs of introducing IWH based district heating and of 
complementing it with cogeneration technologies. Those 
scenarios are defined as follows: 

WHR: this scenario considers the viability of completely 
recovering the waste heat flows available from all the four 
different sources in the city. It does not consider any other 
possible DH source. 

CHP: in this scenario, the optimization procedure is 
allowed to install both WHR systems and an additional 
natural gas CHP plant of maximum 10 MWe, which can be 
coupled with natural gas boilers as centralized heat 
integration systems. In this scenario, electricity is assumed 
to be placed on the national market at the subsidized price 
of 95 €/kWhel. 

ORC: the optimization procedure is allowed to install both 
industrial WHR systems and an additional ORC plant of 
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maximum 5 MWe fuelled by wood biomass, and to couple 
them with either natural gas boilers or wooden biomass 
boilers when appropriate. In this scenario, electricity is 
assumed to be placed on the national market at the 
subsidized price of 115 €/MWhel. 

Only_gas: This scenario represents an idealized reference 
for the current situation, assuming that all buildings meet 
their heating demand exclusively with natural gas, and that 
no DH network is built. This scenario allows to simulate 
the layout and the energy balances of a natural gas network 
similar to the existing one, serving the whole town. 

Current Mix: a more realistic reference representation of 
current emissions and fuel costs is also proposed by 
devising this scenario.  Gas heating boilers are the same as 
in the Only_gas scenario, but heat demand is partially met 
with wooden biomass, mainly used in stoves and fireplaces 
whose capital costs are, however, neglected (i.e. treated as 
sunk costs) in this phase. The percentage of heating 
demand satisfied with biomass is set at 24% in this 
reference scenario, based on the outcome of a survey 
performed among the population during the project. 

3.5 Economic and environmental performance data 

Appendix A presents technical and economic parameters 
for implementing energy conversion processes described in 
Figure 1 into the model during the optimisation process. 
For CHP and ORC systems, both the thermal and the 
electric efficiency are reported in the first column of the 
table. Annual equivalent equipment costs are reported in 
the second column as a linear function of the plant input 
thermal capacity Q expressed in kW. To obtain annual 
equivalents, an interest rate of 7% and an economic lifetime 
of 15 years are assumed for all energy conversion 
installations. For homogeneity, the same interest rate and 
lifetime are taken also for DH network, although their 
duration could be longer. DH annualized capital costs are 
expressed in Appendix A according to equation 2 

CDH=(a+b∙Q)∙L (2) 

where Q is the value of the maximum heat load transported 
expressed in kW, and L is the length of the pipe in meters. 
For DH distribution, the performance indicator for 
efficiency is represented by a heat loss factor per meter of 
DH network.  

Data sources for Appendix A are summarized in Appendix 
B. Cost data have been updated based on ISTAT indices 
for consumer prices. Fuel costs are referred to input energy 
(input thermal flows in case of heat recovery, or chemical 
energy of fuels in case of fuel combustion) and have been 
estimated based on AIEL (2018). O&M costs of centralized 
facilities are assumed to be variable, and proportional to 
fuel consumption, while yearly maintenance costs of local 
boilers and heat exchangers are assumed to be proportional 
to their total installed capacity.  

To evaluate the competitiveness of DH infrastructure in a 
conservative way, capital costs of existing natural gas pipes 
are assumed to be negligible (sunk costs). However, null 
values generate instable solutions when the optimization 
procedure is used to reproduce current network layouts. 

For this reason, the small values reported in that table are 
used for gas. The parameters for air pollution assessment 
(see Appendix C) taken from EMEP/EEA handbooks 
(2016) and referred to the chemical energy input. The 
factors considered include CO2, NOx, SOx and PM10. It is 
important to underline that, while biomass is generally 
considered to be carbon neutral, some CO2 emissions have 
been attributed to biomass in this study to account for 
collection and transportation processes. On the other hand, 
no emissions are allocated to waste heat recovery, as 
recommended by Olsson et al. (2015). 

4. Results and discussion 

By applying the model, an optimal layout for district 
heating networks is obtained for each scenario. Figures 3 
and 4 represent optimal DH network layouts for WHR, 
CHP and ORC scenario as detailed in the following.  

WHR 

The WHR solution (represented in yellow in figure 3) 
implies that the industrial waste heat clusters (identified by 
factory logos) are connected to a minimum set of users, 
mainly located in the South Western part of the town. In 
this scenario, the optimization procedure leads to connect 
all potential industrial waste heat sources.    

Figure 3: Optimal network layout for the WHR (yellow) 
and natural gas CHP (red) 

While their contribution is limited as to instant capacity, 
their steady availability 24/7 allows industrial waste heat 
sources to meet baseloads in all seasons, corresponding to 
an annual waste heat recovery of about 53 GWht per year 
which equals 24,3% of the overall heating demand of 
Maniago. Although optimized, the corresponding DH 
network length is, however, substantial at about 47,5 km. 
Residual demand and peak heat demand are met with 
natural gas.  

Gas CHP 

In the natural CHP scenario, the optimization procedure 
chooses to expand the network by integrating cogenerators 
of maximum capacity and additional integration gas boilers. 
Hypothesised locations for them are identified in figures 3 
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by red bullet points: one of them is located within the 
industrial cluster, the other is closer to the town center, 
within a sport and school district. The optimized solution 
for the CHP scenario assigns a CHP unit having an 
electrical capacity of 4 MWe to each feasible location. As a 
consequence, the overall network in the CHP scenario 
includes both the yellow basic branches of the WHR 
scenario and the red additional branches fed by the natural 
gas systems. In combination with centralized integration 
boilers and WHR, CHP units are able to feed a district 
heating network meeting 81,5% of the overall heat demand. 
The total DH pipe length, including secondary branches, is 
about 84 km.  

 

 
Figure 4: Optimal network layout for the ORC scenario 

Figure 5 shows how the heating demand is met by 
committing the energy conversion units throughout the 
year.  

 
Figure 5: Unit commitment pattern to meet heating 

demand in the CHP scenario 

It can be observed that, mainly due to subsidized electricity 
prices, the optimization tends to maximise the utilization of 
CHP units, using them to meet baseloads. The overall input 
of gas in the cogeneration unit is equal to 140,1 GWh. 

Subsequently, waste heat is exploited, while  centralized gas 
boilers are used to meet most of peak load demand. 

ORC 

The combination of biomass price and subsidized 
electricity price makes biomass-based cogeneration an 
attractive solution. In fact, the optimal solution for this 
scenario presents a single 5 MWe ORC cogeneration unit 
located in the sports and schools district, whereas an 
integration biomass boiler is allocated to the industrial 
cluster. Also in this case, cogeneration is used to meet 
baseloads, industrial waste heat systems are subsequently 
committed and biomass boilers are only committed to meet 
high and peak heat demand. Overall, the heating system is 
able to feed a district heating network of 89,3 km meeting 
91% of the yearly heating demand of the city of Maniago.  

 
Figure 6: Unit commitment pattern to meet heating 

demand in the ORC scenario 

The annual biomass input for this scenario is equal to 243,5 
GWh. Residual use of natural gas for domestic heating 
solutions is almost 22 GWh. 

4.1 Economic performance 

The optimization process minimizes the annual equivalent 
costs of each proposed DH configuration, but, as discussed 
above, systems have very different magnitudes. What’s 
more interesting is the comparison of corresponding 
levelized costs of thermal energy, diagrammed in Figure 7 
where the contribution of different cost categories is also 
shown. It is assumed that electricity wholesale revenues are 
totally allocated to reduce heating costs. The costs of DH 
commodities, i.e. input fuels or input thermal energy from 
IWH represented in yellow in Figure 7, would be much 
higher in CHP and ORC scenarios in absence of subsidies. 
Their contribution as commodity cost reduction is 
represented by the white bars. 

Looking at figure 7 it can be concluded that, with the 
optimized layout proposed, WHR costs are competitive 
with natural gas systems, allowing however minimum 
savings (in the order of 5%). 

These savings are comparable to savings obtained with the 
current contribution of biomass to the existing energy mix 
(one should bear in mind that the efficiency of domestic 
fireplaces and stoves is in the order of 45%, i.e. definitely 
lower than that of natural gas boilers, thus in spite of the 
much lower purchase cost the actual contribution of these 
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system to levelized heat cost reduction is apparently 
limited).   

 
Figure 7: Comparison of levelized costs of kWht 

Hence, even under cost minimization, WHR based district 
heating is hardly competitive with the current energy mix. 
More interesting savings for final users are achieved when 
it is complemented with CHP or ORC, mainly because: 

x Capital costs of the DH infrastructure are better spread 
on higher heating production volumes; 

x Subsidies from electricity sales (granted only under 
cogeneration schemes) improve profitability. 

Thus, the ORC scenario is apparently the best from the 
economic viewpoint, enabling savings for users in the order 
of 20% which could be accessed by a wider share of the 
population than in the WHR scenario. However, the 
environmental implication of the scenarios should be 
evaluated, as follows. 

4.2 Environmental performance 

In Figure 8, the variation in the emissions of CO2 
(equivalent) and of the air pollutants considered is 
represented as relative increase or decrease compared with 
the current mix. For CO2eq, the contribution of avoided 
emissions from electricity generation is evaluated at 393 
g/kWh for the Italian energy mix in accordance with 
ISPRA (2017). 

It can be observed that the ORC scenario leads indeed to 
the most significant GHG emission reduction, thanks to 
the high substitution of fossil fuels with biomass, which has 
an almost negligible CO2 equivalent emission factor. 
Compared with the current situation, also particulate 
emissions would be reduced, thanks to better filtering in 
large centralized biomass combustion systems than in 
domestic systems. However, both NOx emissions and SOx 
would increase due to the additional biomass consumption 
to feed the ORC system. 

 
Figure 8: Variations in total emissions of CO2 

Natural gas systems, both as domestic boilers or as 
centralized systems, allow to effectively reduce SOx and 
PM10 emissions compared with the current mix. A gas only 
domestic heating scenario, on the other hand, would 
increase CO2 emissions due to reduced biomass use. By 
substituting remote electricity generation and by including 
a certain quota of IWH, the CHP scenario leads to an 
overall reduction of CO2. Due to the high capacity and 
combustion temperatures of the natural gas engines, 
however, the CHP option determines an increase in NOx 
emissions. Interestingly enough, the reduction of CO2 
emission within the WHR scenario is comparable to the 
CHP scenario, thanks to the contribution of waste heat 
recovery from the waste to energy plant. It should be 
underlined that WHR is the only scenario which enables a 
simultaneous reduction of all the performance indicators 
considered, even though this is limited by the relatively 
small size of the available waste heat flows. 

5. Conclusions 

A GIS-based optimization approach has been presented 
which allows to identify the least cost layout for district 
heating networks with given heat sources thereby taking 
into account spatial distribution patterns of residential 
heating demand. The approach has been applied for the 
urban area of Maniago, particularly to analyse the feasibility 
and the environmental performance of industrial waste 
heat based district heating. In general terms, the system was 
able to identify least cost layouts and unit commitment 
patterns for alternative scenarios. Limitations of the 
approach, to be further explored in future applications, are 
related to its underlying assumptions. Sensitivity to 
arbitrary or uncertain elements, such as discretization 
patterns of duration curves, electricity and fuel tariffs, and 
equipment costs, should be performed. Also, the feasibility 
of hybrid systems at user sites should be assessed against 
alternative independent solutions (e.g. heat pumps) to 
evaluate how far the Rivus assumption that multiple 
technologies coexist along the same branches may mirror 
commercial reality. 

On the other hand, the case study of Maniago has 
confirmed that a favourable ratio between heat demand 
density and distance from waste heat providers is critical 
for making such project not only theoretically viable, but 
also commercially attractive.  For the specific case study, 
the achieved results have demonstrated that the 
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implementation of district heating solutions in urban areas 
with a high thermal demand and high energy density could 
be an optimal way to reduce primary energy usage, improve 
global energy efficiency and reduce the pollutant and 
greenhouses gas emission, for most of the considered 
factors. However, the impact on different performance 
indicators is different depending on the technologies 
adopted, and trade-offs arise. Further research could be 
devoted to the development of multicriteria approaches 
and to the use of aggregated impact indicators, such as in 
LCA or in external cost assessment approaches. 
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Appendix A 
Technical and economic data for energy equipment 

 η 
Efficiency 

Annual 
equivalent 
capital 
costs 
[€/year] 

Fuel 
costs 
[€/MWh] 

O&M  
costs 

[€/kWh] 

WHR 100% 16596+ 
3,84Q 20 0,005 

Gas 
Boiler 92% 561,6+ 

4,84Q 55 0,002 

Biomass 
Boiler 85% 30179+ 

7,278Q 30 0,005 

ORC  
21% el 
73% th 

97821,6+ 
27,648Q 30 0,01 

Gas CHP 
40% el 
46% th 

2898,8+    
26,364Q 53,6 0,008 

Heat 
exchanger 
(users) 

100% 15,2Q / 2 * 

Domestic 
natural 
gas 
heating 

89% 7,684Q 80 2 * 

DH pipes 0,054 ** (54,462+ 
0,082Q)∙L / 0,01 

Gas pipes 100% (0,01+0,00
1Q) ∙L / Negl. 

* Fixed yearly O&M cost factor in [€/kW] of installed capacity for domestic heating 

** Thermal loss factor in DH pipes expressed in kW/m of pipeline length 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B 
Equipment cost and efficiency data sources 

 References 

WHR Peters et al., 2003. 

Gas Boiler 
Own elaboration based on 
manufacturers’ data and 
energy audits, GEMIS 2018 

Biomass Boiler Vallios and Tsoutsos, 2009, 
GEMIS 2018 

ORC  Rossi et al., 2009. 

Gas CHP Chinese D., 2008, GEMIS 
2018 

Heat exchangers 
(users) 

Own elaboration on 
manufacturers’ data 

Domestic natural gas 
heating 

Hofsäß F et al., 2018, GEMIS 
2018 

DH pipes Chinese D., 2008. 

Gas pipes Assumption explained in 
section 3.5 

 

Appendix C 
 

Emissions factors for conversion technologies (EEA, 2016) 

 CO2 
[kg/kWh] 

NOx 
[g/GJ] 

SOx 
[g/GJ] 

PM 10 
[g/GJ] 

Biomass 
boilers 0,05 91 11 38 

Industrial 
gas boiler 0,21 40 0,3 0,45 

Domestic 
gas boiler 0,21 42 0,3 0,2 

Domestic 
wood 
stoves 

0,05 50 11 760 

Gas CHP 0,21 81 0,5 2 

WHR 0 0 0 0 
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