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Abstract: Biomass heating networks provide renewable heat using low carbon energy sources.
They can be powerful tools for economy decarbonization. Heating networks can increase heating
efficiency in districts and small size municipalities, using more efficient thermal generation
technologies, with higher efficiencies and with more efficient emissions abatement technologies.
This paper analyzes the application of a biomass fourth generation district heating, 4GDH
(4th Generation Biomass District Heating), in a rural municipality. The heating network is designed
to supply 77 residential buildings and eight public buildings, to replace the current individual diesel
boilers and electrical heating systems. The development of the new fourth district heating generation
implies the challenge of combining using low or very low temperatures in the distribution network
pipes and delivery temperatures in existing facilities buildings. In this work biomass district heating
designs based on third and fourth generation district heating network criteria are evaluated in terms
of design conditions, operating ranges, effect of variable temperature operation, energy efficiency
and investment and operating costs. The Internal Rate of Return of the different options ranges
from 6.55% for a design based on the third generation network to 7.46% for a design based on the
fourth generation network, with a 25 years investment horizon. The results and analyses of this
work show the interest and challenges for the next low temperature DH generation for the rural area
under analysis.

Keywords: low temperature district heating system; biomass district heating for rural locations;
4th generation district heating; CO, emissions abatement

1. Introduction

Global warming is a major concern and urgent measures are required in a short time with the
development of low carbon economy technologies [1]. At the same time, one of the key aspects to be
developed by the scientific community in the coming years is an efficient energy distribution to cover
the growth of the energy demand [2,3]. Building sector consumes 20% of the total energy in the world,
with an expected increase ratio of 1.4% per year in the period between 2012 and 2040 [3]. By other
side, of all new power generation plants installed worldwide in 2015, a 61% were based on renewable
energies and an increase of this ratio is expected in the coming years [2].

District heating (DH) systems are considered as one of the most effective tools for an efficient and
sustainable thermal energy distribution [4]. DH systems are centralized generation facilities, where
thermal energy is distributed through a pipe network, which connects the thermal generation facility
with the different consumption nodes at the buildings integrated in the system [5]. Thermal generation
is centralized, and efficient and less contaminant heat generation equipment can be used, taking
advantage of scaling up in the incorporation of combustion and emissions abatement technologies.
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It makes possible the efficient use of sustainable alternative energy sources. The energy efficiency of
the global system is higher than the obtained with individual heating equipment [6] and, in addition,
if renewable energy sources are used for thermal generation, a remarkable reduction in greenhouse
gases emissions can be obtained [7].

European Directive 27/2012 [8] establishes a common framework to promote energy efficiency in
Europe, in which DH networks have a relevant role. In previous research works methodologies to
evaluate the potential of carrying out a massive implementation of different DH systems at a regional
level have been developed [9,10]. Their results show how high impacts can be obtained if adequate
methodologies for the selection, evaluation and implementation of district heating networks are used.

Distributed heating and cooling systems have a high potential for combining different renewable
energy sources [10,11]. In heating systems, from the thermal point of view the most direct renewable
energy sources to be integrated are biomass, solar energy [12-14] and geothermal energy [7,15].
Among them, the most direct integration is to use biomass as fuel, either renewable forestry products
or sustainable agriculture biomass, with a higher potential in rural areas, where local biomass resource
is available and the access to other primary energy sources is limited (i.e., natural gas).

The sustainability of biomass district heating rural networks will depend on the local biomass
availability. The price of biomass depends on the proximity between the energy resource and the
location of use [10,16,17]. The compensations that could arise in the local economy must be identified
to ensure a stable and balanced development of heating networks in rural areas, the sector and the
entire value chain [18]. Forestry activities can be a positive development in the economy of the area.
Production of biomass for thermal generation can be a way to preserve rural areas, improve the
quality of life of the municipality and to support the development of the territory that surrounds these
activities. In this line, in reference [19], the impacts caused by the whole chain of biomass exploitation
on the use of resources, human health and the environment are evaluated. The management of biomass,
its transport, production of shavings, its treatments and its combustion are taken into account. It also
analyzes the reduction of local pollution and GHG emissions that involves the displacement of a set of
systems based on fossil fuels to a centralized production based on local biomass.

Among renewables, wind energy and photovoltaic can also be integrated for thermal integration
of systems [7]. In reference [20] was shown how integration strategies between pipelines and buildings
heat storage can be utilized to break the strong linkage of electric power and heat supply of CHP units,
improving the operational flexibility of the system and reducing total operational costs.

DH networks are well established technologies, with an evolution along the year to incorporate
advances in the operational strategies to increase their efficiency, to reduce distribution losses and to
optimize their management [21]. The different generations of DH can be classified in terms of their
operation temperatures, where operating temperatures have been lowered to reduce distribution heat
losses [22,23].

There are different technologies that combined with DH systems improve efficiency and energy
savings of the global system. Among the most interesting solutions is the combination of CHP biomass
heating stations with DH systems. In reference [24] is shown how these installations are viable if the
heating demand is high along the year, and it develops a methodology to evaluate the interest of these
systems in order to improve the accuracy of the evaluation of the heating demand. It corrects the
estimated demand for more accurate forecasting of heating demand that could lead to inadequate
designs based on wrong performance parameters. The use of energy storage in these systems can
reduce emission, operational cost and to enlarge the lifetime of existing CHP installations [25].

In reference [26] the different generations of DH are described. The third DH generation, and the
most widely implemented nowadays, was developed in the period between 1980 and 2015. It is based
on the distribution of liquid water at medium temperature, with temperatures below 100 °C. They use
preinsulated and flexible pipes to facilitate their installation and to reduce installation and substitution
costs. The fourth DH generation is currently under development. It is expected to have its maximum
implementation in the period between 2020 and 2050. It is based on the distribution of water at a



Energies 2018, 11, 3287 3 0f 20

lower temperature, in the range between 30 °C and 60 °C. With this reduced operating temperatures,
the thermal gradient between the heat transfer fluid and the environment is reduced and therefore
the insulation requirements for controlling the thermal losses during distribution. Previous studies
show the interest of low temperature district heating networks from the energy efficiency point of
view [27]. The latest generation networks also make it easier to integrate these systems into Smart
Energy Systems [23,28]. At the same time, the energy requirements of the buildings must be improved,
improving their thermal behavior according to their location and energy demand characteristics.
Internal equipment, as radiators, and end users habits, must be adapted for satisfying demand with
these lower temperatures [29], increasing the available surface and adapting the heat demand profile.

Recent research activity in District Heating systems is oriented to integrate renewable energy
sources with these systems and those that focus on the analysis or study of District Heating systems
of low temperature, that is, investigate the applicability and viability of the heating urban low and
very low temperature for buildings with high thermal performance. On this line different following
European Commission funded projects: TEMPO [30], COOL DH [31], RELaTED [32], FLEXYNETS [33].
Among these European projects, the Project CELSIUS, develops Smart energy solutions. It deals with
technical, social, economic and policy barriers for the development of new energy solutions. It shows
the relevant role that DHC must have in the current and future sustainable Smart Cities [34,35].

In recent works the use of excess heat in industry as resource for district heating is analysed [36]
with spatial and thermodynamic criteria. The analysis is expanded including the requirements linked
to capital and operational expenditures.

This paper analyzes the application of a biomass fourth generation district heating, 4GDH,
in a rural municipality. The heating network is designed to supply 77 residential buildings and
eight public buildings, to replace the current individual diesel boilers and electrical heating systems.
The development of the new fourth district heating generation, 4GDH, implies the challenge of
combining using low or very low temperatures in the distribution network pipes and delivery
temperatures in existing facilities buildings. A methodology is developed with the intention of
comparing the operation of a biomass third generation or medium temperature network and a fourth
generation or low temperature network. The aim is to compare operation modes estimated economic
results. The evaluation methodology has common steps for both DH generations, so a common
framework is established for a clear evaluation of results. The methodology is composed of two
stages. The first stage carries out a technical analysis of the operation of the network with the objective
of evaluating the total energy demand of the system, thermal load profile and pumping power
consumption. The second stage performs an economic analysis of the operation of the network, based
on the results obtained in the former stage, in order to determine the viability of the DH systems.
The results show the viability of these DH and how it is affected by the operation with variable
supply temperature.

2. Methodology

The objective of this methodology is to compare the viability and performance of two biomass
District Heating networks (BioDHs), operating at two different levels one at medium temperature,
with a design equivalent to the widely extended third generation DH design and other at low
temperature equivalent to the fourth generation DH concept. The methodology has common stages
for both cases but some steps differ according to the operation parameters of each one type of DH.
The evaluation besides is extended to include the evaluation of the integration of another renewable
source, wind energy, for providing electricity for pumping.

The proposed methodology comprises two different stages. In the first stage, the technical analysis
of the operation of the network is performed. It drives to the sizing of the network and the definition
of the energy profiles, thermal loads and pumping work. In the second stage, the economic analysis of
the operation of the network is carried out, through a cost/benefit analysis. Stage one departs from the



Energies 2018, 11, 3287 4 0of 20

definition of the location of the system. Stage two departs from the results obtained in the previous
stage and from the energy market characteristics, electricity and fuel costs definition.

2.1. Stage 1: Technical Analysis of DH Network Operation

Step 1: The first step defines the location of BioDH network, definition of the buildings to be
supplied, and topographic conditions.

Step 2: After establishing the buildings to be supplied, the number of network users can be
determined. On the other hand, it is also key to the determination of climatological data, mainly
related to the minimum temperature, the degree days and the characterization of the wind resource
throughout the year. The number of buildings included in the BioDH system will determine the total
area to be heated, on which the heating demand depends proportionally, while the number of users
will determine the SHW production requirements according to local regulations.

Step 3: Design of the network layout. Definition of its length, supply branches and integrated
structure. It is defined as function of the supply zone characteristics: roads, altitude profiles, available
area, other facilities, etc. The design minimizes network length, when possible, minimizing investment
and civil works. The methodology of this stage is presented in Figure 1, while Figure 2 presents an
example of the layout definition for the case study developed in Section 3.
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Thermal Plant
T ocation

Figure 2. Network layout. Main distribution network (red lines) and secondary distribution network
(yellow and orange lines).

With the heating demand, evaluated from the area to be heated, estimated from number of
buildings and the demand of SHW, coming from the number of users, BioDH system heating power
can be established, based on the minimum temperature and the thermal constant of the building,

Kbuilding (1):

i=n
P = Kbuilding ! (chindoar - Tout) = (Z Aiui + Vuinfp ’ Cp) ’ (chndoor - Tout) (1)
i=1

where P is the heat demanded (W), A; is the surface (m2) of the outer wall (i), Kpuiiing is the building’s
thermal constant, V,, ;s is the infiltration air flow (m3/s), U; is the global heat transfer coefficient
(air/air) of this wall (W/ m?K), p is the density of the outside air (kg/ m3), Cyp is the average specific
heat of the outside air (Ws/kgK), T, j,400r is the comfort indoor temperature (base temperature, 20 °C),
and Toyt is the outside temperature [9].

After determining the heating demand of the system, it is necessary to apply a simultaneity factor
of the use of the network (2):

Pdesign =FS- ZP 2)

Simultaneity factor is a key parameter for an adequate sizing of any system with multiple users.
The value of the simultaneity factor used in this work is based on an expression derived from the
analysis of the surveys done with end users, although there are different methodologies to obtain it,
and it can vary in function of the integrated systems [37].

In this step, the wind resource is also characterized, to evaluate the subsequent incorporation into
the electric power for pumping. To do this, the equivalent wind hours of the wind turbine implantation
area will be established, correcting the wind speed with the height.

Step 4: The theoretical thermal demand is established. Based on the climatological data of the
location and the power of the network established in the previous section, the annual theoretical
thermal demand that the network will have can be determined.

Up to this point, all the previous steps are common for the definition of a third generation medium
temperature BioDH network and a fourth generation low temperature BioDH network. Up to this
point, the energy requirements to be met by the BioDH system have been determined without taking
into account the operating characteristic parameters of the network.

At this point, the operating parameters of each system are determined. These parameters
are: supply temperature, return temperature, circulation flow and thermal drop in substations.
The combination of these parameters will lead to different results in the technical analysis depending
on the characteristics of the DH network. In this study, are compared BioDH networks of low and
medium temperature where the fourth generation low temperature DH operates at temperatures
below 60 °C and the third generation BioDH operates with temperatures in the range between 60
and 90 °C.
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In this BioDH, the emissions in the biomass boilers are a main constraint to the design of the
network and thermal power station. By other side, in the rural areas under analysis, most of the
heating systems are based on individual biomass heaters and gasoil boilers. With the development
BioDH the current heating systems are displaced by a more efficient heating systems that uses thermal
generation technologies of higher efficiency and with more advanced and efficient emissions abatement
technologies, as particles filters. It also includes the required maintenance operations in the boiler not
always followed by small individual heating systems. The commercial biomass boilers proposed for
this study case produce the following emission levels al 98% de rated power under EN (European
Standard) 303-5:2013: 66 mg/Nm? Dust, 62 mg/Nm? of CO, 157 mg/Nm? of NOy and 1 mg/Nm? of
Org. C.

Therefore the effective implementation of these BioDH systems will improve significantly the air
quality and efficiency of the heating systems. However they have an important challenge in the social
acceptance of biomass thermal stations within an urban location [10].

Another relevant aspect is the typology of the terminal heating devices already installed in
houses. In the location under study, with a high level of energy poverty, of those users with heating
by individual boilers, a 45% have modern low temperature radiators, 35% of houses have mid
temperature old radiators, and 20% have radiating floor. For the implementation of low temperature
DH, the substitution of these indoor terminal radiators prepared for high temperature implies an
additional cost in comparison with higher temperature DH.

Step 5: In this step the size of the BioDH network is set. Based on the data obtained from the
previous steps, the design of the layout gives the length of the network and pressure drops meanwhile
the network power and the operating parameters provide mass flow and fluid velocity to meet energy
requirements and sizing pipes. With the use of Equation (3), the flow rate can be obtained:

Pdesign

Q= c-p- (Tflow - TVEf)

®)

where Q is the flow rate (m3/s), Thow 1s the flow temperature (K), Tyt is the return temperature (K),
Piesign is the design power (W), c is the heat capacity of the fluid (J/(kg-K)) and p is the density (kg/ m?).
As the operation parameters are specific for each type of BioDH system, the sizing of the network
will also depend on the generation of DH that is being studied. Each mode of operation, therefore,
will entail different pipe dimensions, an associated civil works, linked directly to required investments.
Step 6: After sizing the system, it is possible to evaluate the thermal losses along the distribution
network. They depend directly on the diameter of the pipes and the average operating temperature
of the system. The greater the diameter of the pipe, the lower the heat losses percentage produced
per unit of flow; while at a lower average operating temperature, there is a lower thermal gradient
between transport fluid and the external environment of the area, thus reducing thermal distribution
losses significantly. To evaluate distribution thermal losses, pipes insulation is evaluated from the
value of global heat transfer coefficient, U; (W/ (m?K)) provided in catalogue by pipe manufacturers.
To obtain the thermal distribution losses, Equations (4) and (5) can be applied:

_ Tiow + Thet

AY 2 - Tground 4

Tlosses = u-AG- L (5)

where A¢ is the thermal gradient (K), T,y is the flow temperature (K), Tyt is the return temperature
(K), Tyground is the ground temperature (K), Tosses is the thermal losses (W), u is the insulating capacity
characteristic of the pipe W/(m*K)) and L is the length of the network (m).

Step 7: Finally, the total thermal demand and pumping power consumption are evaluated.
To determine the total thermal demand, the theoretical thermal demand must be taken into account
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from heating and SHW demand, and corrected to compensate thermal losses. In this way, the total
energy requirement from the generation thermal plant is established.

Once the total thermal demand and flows are known, the pumping costs can be determined,
applying the electricity prices in each hourly section. If the use of wind power is evaluated to be used
for supplying this pumping power, as included in this study integrating a microwind turbine, then this
value is corrected with the quantification of the wind resource, data already obtained in Step 3, so that
the net electric power consumption of the pumping group from the grid can be determined.

Both the total thermal demand and the pumping power consumption depend on the operation
parameters of the network, therefore, these final results obtained in stage I, depend on the generation
of BioDH that is under study.

For the low temperature DH, additional considerations must be taken into account, as the
required maintenance and control for avoiding Legionella growth. It grows in humid environments
with temperatures in the range el 20-50 °C, that correspond with the existing in low temperature DH.
To control I, thermostatic valves in the primary network are required, and the maximum volume of
water in heat exchangers is limited to three litres in order than the system operates below of 50 °C
without using a recirculating external treatment [38]. Other possibility is to stress the network and tanks
to periods of thermal shock to generate temporary adverse environments for Legionella growth. Besides,
the use of decentralized substations can contribute with a higher control of temperature distribution
along the network [39]. In reference [40] different models and solutions for low temperature DH are
studied form the energy and economic points of view.

2.2. Economic Analysis of DH Network Operation

At this stage the economic analysis of the network operation is carried out, the scheme of the
proposed methodology is shown in Figure 3. As data from previous stage are used, the final results
will depend on the network characteristics allowing direct comparisons between different temperature
designs and operation strategies. Likewise, there are data required for this step which are common for
both types of networks, such as price of energy, the cost of the thermal plant and the indirect operating
costs. As the purpose of this paper is to carry out a comparative study between the implantation of
two different generation of DHs, the work will focus on what differs between both typologies of DH.
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Theoretical | > }
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Figure 3. Stage II methodology.
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- Capital Expenditure (CAPEX). The initial investment to carry out the implementation of the
network depends on many factors, but the most relevant, for a defined location and thermal
plant, is the diameter of the pipes, which affects to the required investment.

- Operating Expenditure (OPEX). Operating costs depend on several parameters that vary directly
with some operation parameters. The total thermal demand consists of: the theoretical thermal
demand, which does not depend on the mode of operation, and the distribution heat losses
that do vary with them. Thus, the thermal energy to be supplied by the station is function of
the temperature of the DH network and therefore of the DH generation. This variation in total
thermal demand will affect to fuel costs, biomass in this case, and pumping costs. So, the higher
the requirement for thermal generation, the higher these costs will be. These costs will vary
markedly throughout the year, due to the large variation in the demand of these types of heating
networks. The indirect costs will not depend, in principle, on the fact that a specific BioDH
generation design is being used, therefore, although it is an important aspect in the quantification
of operating costs, it is not an aspect required for the comparison study.

- Revenues from the BioDH System. The incomes generated by these systems come from the sale
of thermal energy to users, therefore, the parameters to be taken into account in this section is the
unit price of thermal energy sale and theoretical thermal demand. None of these aspects depends
on the mode of operation of the BioDH system, therefore, the revenues structure generated by
the two networks under the same coverage of demand will be the same. Therefore network
profitability comparison involves the analysis of the operating costs and the investment.

- Cost/Benefit Analysis. Once the investment, operating costs and generated incomes have been
determined, the economic study of the network operation can be carried out, in order to analyze
the cash flows that occur throughout the life cycle of the installation including taxes and other
economic aspects. Different economic indexes can be used. In this work, for the comparison of
DH networks is used the Internal Rate of Return. Investment return rate (IRR) is chosen as a
parameter for evaluation and comparison of the projects (6) and it is defined as:

LC
I,; — OPEX
—CAPEX+ Y L — OPEX. _ (6)
i1 (1+ IRR)Z

where I;;;; is the initial investment, and LC is the life cycle of the system.

3. Results

In this section are presented the main results obtained of applying the methodology previously
exposed, in order to design, size and evaluate the performance of two district networks under different
technological design criteria that belong to different DH generations, so that afterwards, a comparative
analysis between the results obtained for each one can be performed. In this way, it will be possible
to discuss, in a real application case, the advantages and disadvantages of each type of technology
proposed by the different generations of district heating. Simulations where implemented in MatLab
(MathWorks, Natick, MA, USA).

The third generation BioDH works at medium temperature, with approximate supply and
return temperatures of 85 °C and 60 °C respectively [41], in the case of facilities in Spain, with the
consideration of the current typologies of radiators. The fourth generation BioDH works at a lower
temperature level, with a network supply temperature of 55 °C and a return temperature at 25 °C [42].

For the case analysis proposed for implementation of the methodology, 85 buildings, belonging to
Santiago de la Espada (Spain), will be integrated in the network, and the DH network will be composed
of 173 stretches of pipes arranged in a branched way. Heating in buildings is provided with hot water
radiators. In both cases is assumed that the life cycle of both DH facilities is the same, 25 years.
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Table 1 shows the overall parameters and results of the BioDH system obtained from stage one.
The power of the system is 1.9 MW. With a demand of 3.68 GWh per year, combining SHW and heating.
The total length of the network is 1504 m to supply 85 buildings.

Table 1. Common characteristics of both DH networks.

Parameter Value
Thermal power generated (kW) 1909
Heating demand (MWh) 3434
SHW Demand (MWh) 248.4
Number of buildings 85
Surface of the buildings (m?) 9078
Network length (m) 1504
Minimum temperature of the area (99) (°C) -9.3
Setpoint temperature in buildings (°C) 20
Average temperature of the ground (°C) 8.9
Thermal constant of the building (kW /°C) 88.38
Equivalent wind hours 2462
Electricity cost, period 1, peak hours (€/kWh) 0.138
Electricity cost, period 2, regular hours(€/kWh) 0.104
Electricity cost, period 3, off-peak hours(€/kWh) 0.069
Biomass Cost (€/MWh) 30.00

The cost of the electricty required for pumping varies along the day. The electricity tariff changes
depending on the time slot: peak demand period, from 18:00 to 22:00 h, regular demand period,
from 8:00 to 18:00 and from 22:00 to 24:00 h, and off-peak demand period from 0:00 to 8:00 h.

Figure 4a shows the flow of the medium and low temperature DH systems according to the
demand of the BioDH system. Figure 4b relates the flows of the networks for the different months of
the year.

In the low temperature network, the mass flow is smaller due to a higher temperature drop in the
substations than the one in higher temperature networks. With a higher temperature drop a reduced
mass flow is required to provide the same heating power.

Figure 4b shows that the difference between flows supplied by each type of network is more
evident in the months with higher thermal demand. The results show that for the low temperature
network the minimum and maximum flows throughout the year are 5.4 and 31.7 m3/h, respectively.
However, in the case of the medium temperature network, the values of flow throughout the year are
between the limits of 7.1 and 38.7 m?/h. In Figure 4 can be verified that the hottest periods correspond
to the lower flow rates, that is, when the demand for heating is minimal or nonexistent and only
SHW is required. This value is obtained for impulsion and return temperatures of the network fixed
throughout the year. The mean average operating flow in the network throughout the year; for the
case of the low temperature network it is 15.2 m?/h and for the medium temperature is 18.8 m®/h.

In this case a smart strategy control hasn’t been considered as operation temperatures cannot
further reduced due to constrains associated with the installations of the buildings and to cover the
comfort requirements for SHW and heating. These installation were developed for individual use and
not considering their integration in DH networks.

Figure 5a shows the influence of the demand on the thermal losses produced during the
distribution of the heat transfer fluid.

The results show a difference between thermal losses in each type of network. Thermal losses
along the year in the medium temperature network are approximately the double than those in the low
temperature network. In this way, for the period of maximum demand, and lower external temperature,
the thermal losses for the low and medium temperature networks are 2.63% and 4.74%, respectively;
these are the minimum values. The maximum values, in percentage, appear when the demand is
minimal, thermal losses values are 7.22% and 19.52% for a low and medium temperature network,
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respectively. This difference between the losses is due to the difference in operating temperatures of
each network.
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Figure 5. (a) Percentage of distribution heat losses for medium and low temperature DH networks
as function of thermal demand, (b) Percentage of distribution thermal losses in the medium and low
temperature DH networks along the year.

The losses that occur in the network depends on the thermal gradient that occurs between the
operating temperatures of the network, the temperature of the ground around the pipe, insulation
characteristics of the pipes and their size.

Ground temperature depends primarily on the ambient temperature and depth. From real
experimental data of the temperature of the ground, measured at 20 cm of depth, an expression
can be determined that relates the external ambient temperature to the temperature of the ground.
These experimental data have been collected in an area close to the case study, within this project, it has
not been validated for other geographical areas with different climatological and ground characteristics.
In Figure 6 the relationship obtained from the experimental measurements is shown.
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Figure 6. Relationship between ambient temperature and terrain temperature measured at 20 cm depth.

Another way to analyze thermal losses is by analyzing their total values with respect to the total
demand. The variation of the thermal losses that occur in the low and medium temperature networks
throughout the year are represented in Figure 7.
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Figure 7. (a) Distribution heat losses for medium and low temperature DH networks as function of
thermal demand, (b) Distribution thermal losses in the medium and low temperature DH networks
along the year.

The evaluation of the investment associated to the different subsystems has been done according
to [16,17], based on new construction systems. DH incomes will be the result of the energy sold by
the sale price. For this case, end user sale price is set in 85 €/MWh. It implies to the end user 18% of
savings compared with their current energy bills based on gasoil and wood in chimneys. This value has
been set as function of the base line estimated as shown in [43]. Investment in DH is directly affected
by pipes mean diameter. In the case of the low temperature network, due to a higher temperature
drop in the thermal stations, mass flow circulating by pipes is lower and heating requirement can be
maintained with smaller diameters. For the case under study it allows a reduction in pipes investment
of 18.72%, and a reduced investment in the low temperature DH.

In Table 2 a comparison of the main results obtained in the design and calculation of the two
district network designs is presented. The effect of installing a microwind turbine is also included to
evaluate the effect on the total performance and system viability.
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Table 2. Main operating parameters for both DH networks.

Main operating Parameters Third Generation Network. Fourth Generation
Medium Temperature Network. Low Temperature
Supply Temperature 85°C 55°C
Return temperature 60 °C 25°C
Flow rate at design conditions 44.00 m3/h 36.10m3/h
Average distribution pipes diameter 101.27 mm 89.72 mm
Pressure drop at rated conditions 7.141 bar 8.699 bar
Total Heat Demand 4038 MWh 3845 MWh
Annual thermal losses 355.6 MWh 161.9 MWh
Rated operation thermal losses (%) 9.66% 4.40%
Annual pumping costs 14,964 € 14,246 €
Annual wind turbine savings 2198 € 2093 €
Wind turbine savings (%) 12.20% 12.81%
Annual biomass cost 121,145 € 115,335 €
Equivalent performance hours 2115 2014
Total inversion 1,080,898 € 1,036,678 €
Annual total operational costs 136,741 € 130,200 €
Paybackss years 15.34 years 13.16 years
IRR5 years 6.55% 7.46%

4. Discussion

To complete the study, parameters with a direct influence in the viability of the biomass DH system
are analyzed. One parameter that can affect to the performance and viability of the district heating
is to consider operation at constant network temperature or at variable temperature. The capacity
of operating at variable temperature depends on the DH network technology. In the case of low
temperature networks, which supply homes with radiators operating at low temperatures, the limit
is to avoid using any auxiliary generation equipment. It constrains the supply and the minimum
return temperature of the network, taking into account an indoor comfort temperature of 20 °C. On the
other hand, for medium temperature networks, the limit is in the range of operation of the radiators,
which in this case, operates with medium temperature. Then the limit can be obtained by analyzing
the radiating surface and design temperatures of the radiators and comparing their capacity with
the energy requirements that must be covered throughout the year. Therefore the variation range of
operating temperatures is more limited for the case of low temperature DH networks.

If medium temperature the DH system operates with lower temperatures, Legionella growth risk
increases, and control methodologies must be included in the medium temperature network in the
same way that in the low temperature network.

By other side, the constraints associated with operating DH with variable temperature are not
exclusively technological. Restrictions can be derived from legal aspects like the clauses in legal
contracts related to energy supply, where it is usual to set a minimum supply temperature. For the
development of variable operation DH this kind of clauses must be revised to guarantee the quality of
heat supply and the optimal operation of the system. Besides end user awareness and formation about
the most efficient use of indoor thermal facilities are required for a successful development. In [44] a
thermos-hydraulic model for thermal networks is presented taking into account decentralized heating
and cooling sources, variable temperature and mass flows and flow inversion.

The comparison of the losses that occur in a network with these designs, considering that the
temperature of operation in the network is fixed or it can be variable is presented in Figures 8 and 9.
Figure 8 shows the results obtained at fixed and variable network temperatures for a low temperature
network and Figure 9 shows the same analysis for a medium temperature network.
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Figure 8. Comparison of losses in a low temperature network along the year with fixed and variable
network temperatures.
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Figure 9. Comparison of losses in a medium temperature network along the year with fixed and
variable network temperatures.

From these figures can be observed that in a medium temperature network, the supply and return
temperatures can be lowered in a greater proportion than in a low temperature network, the losses
that occur throughout the year in a medium temperature network can also be reduced in greater
proportion. In the same way, the low temperature network is less sensitive to consider a variable
network temperature.

Figure 10 analyzes losses reduction along the year. Energy savings, linked to losses reduction
along the year, with a variable temperature operation in the low temperature network are 25.5 MWh
meanwhile that in a medium temperature they are 38.6 MWh.

Another factor that affects to the network viability is the variation in the price of biomass. The price
of biomass is a value that can vary quite significantly depending on the location where the DH network
is located and constrains the viability of the project. Its effect is analyzed for the medium and low
temperature networks for both operation strategies, with of fixed and variable supply temperatures.

Figure 11 shows the influence of the cost of biomass on the viability of the project. The best
IRR values are provided by the low temperature network with variable working temperature;
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the worst values are provided by the medium temperature network with fixed values for supply

and return temperatures.
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Figure 11. Influence of the cost of biomass on DH viability with different operation strategies.

In Figure 12 is presented the difference of IRR values between both networks as function of
biomass price under the two different operation strategies, variable and fixed network temperature.

The energy savings that can be obtained in a medium temperature network, when considering
variable working temperatures, is greater than in the case of a low temperature network. Therefore
the IRR value will improve both for a medium temperature and low network, however, the IRR
for medium temperature will be improved in a higher proportion reducing the differences between
both designs.

In Figure 12 it is observed that on the one hand the IRR provided by a low temperature network
is always greater than that which would be provided by a medium temperature network working
under the same conditions, but that difference between IRR values is more noticeable when the fuel
price is high and almost insignificant when the price is low. This is logical since in the low temperature
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network there are lower energy losses throughout the year, therefore, if the operating costs are high,
this energy saving will be more relevant.
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Figure 12. Influence of the cost of biomass on IRR difference between a network of low and medium
temperature, with fixed and variable operating temperatures of the network.

It can also be observed that the IRR difference, in the case that the networks work at variable
impulsion and return temperatures, is lower. This is due to what has been said above that
energy savings because of losses reduction that can be obtained in a medium temperature network,
when considering variable working temperatures, is greater than in the case of a low temperature
network. Then the difference between IRR values is smaller. Since low temperature networks have
higher IRR values, these can be installed in areas where the price of biomass is high and where medium
temperature networks would not provide viable IRR values.

5. Conclusions

In this work the differences between two generations of district heating applied to a specific
case are analysed. The third generation of district heating networks uses higher supply and return
temperatures, but with lower temperature drops compared to that produced in the fourth generation
of district heating network systems. One of the most relevant characteristic of operation are thermal
losses from the network to the terrain surrounding the pipes. With networks operating at lower
temperatures, there is a reduced gradient, with the consequent reduction of thermal losses in the hot
water distribution.

Regarding the total circulation flow, because the temperature drop in the substations is greater in
the case of the fourth generation network, it is required that a lower flow rate circulates through them
to supply the same thermal power. Since the flow rate through the network is lower, the diameters of
the pipes can be reduced, thus causing a small increase in the pressure drop during operation.

This results in very similar pumping costs. This is due to the fact that in the fourth generation
DH, lower flow rates are used in the operation of the system, but nevertheless, if smaller diameters are
selected for reducing investment costs, pressure drops are greater.

These relationships between diameters, flows and heat losses are linked to the specific case study.
Variations in network distribution and external conditions can lead to different ratios and a general
rule of thumb cannot be derived.
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Depending on the location characteristics, other renewable energy sources can be integrated.
For the DH analyzed in this work the effect of integrating a microwind turbine is considered.
As pumping cost are quite similar the savings obtained in both cases are similar.

The difference in the investment cost to carry out the projects is mainly due to the reduction
in piping costs (materials and insulation) and civil works in the fourth generation DH network.
This reduction is due to the fact that smaller dimensions of pipes and fittings are used, since it smaller
circulation flow allows reduced diameters with controlled pressure drops. For the application case the
investment savings are estimated in 44,220 €.

The reduction in operating costs that occurs in the district network of fourth generation is mainly
due to the fact that the fuel required for the operation of the boiler is lower, since there are less thermal
losses in the hot water distribution. When a fourth generation district network is implemented instead
a third generation, as distribution thermal losses are reduced, there is a fuel saving of 4.8%.

Since the investment to be made and the operation costs of the fourth generation district network
are lower, the payback period is lower, obtaining a more interesting investment profile as long as
the income generated by both types is maintained. In this sense, the advantages of low temperature
DH networks are clear when deciding from the investor’s point of view, in this case study. However,
the development of heating networks in consolidated areas from the urban point of view involves
the replacement of existing heating systems that currently operate at medium or high temperature.
In these cases the application of the network at low temperature should consider the design of the
interior installation of the houses and the adequateness of the network for maximum demand periods.
The results of applying the methodology in a specific location and under operation conditions that
allow to evaluate the differences in applying third and fourth DH network designs.

Analyzing the influence of operation with variable supply and return temperatures in low
and medium temperature networks, it has been shown that energy losses are considerably reduced
throughout the year. It has been shown, from the economic point of view, that it is always better
when operating temperatures are variable, but it has also been seen that the variation suffered by
the IRR of the project is not excessively high either. The price of biomass has been shown as key
for viability of the project. The price of biomass can strongly vary different between projects with
different locations, because this price depends strongly on the geographical area. When analyzing the
profitability between the different types of networks, in the cases with a high cost of biomass, more
interesting is to install a District Heating system with low temperature and with variable flow and
return temperatures.
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Nomenclature

z Density (kg/ m?)

A Thermal gradient (K)

A; Surface (m?2) of the exterior wall (i)
c Specific heat, ] / (kg K)

Cp Average specific heat of the exterior air (Ws/kgK)
CAPEX Capital Expenditure

DH District Heating

EN European Standard

FS Simultaneity factor

GDH Generation of District Heating

Ly Initial investment (€)

Kpuitding Thermal constant of the building
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L Length of the network (m)

LC Life cycle of the system (years)

OPEX Operating Expenditure

P Power demanded (kW)

Pesign Design power (kW)

Q Flow rate (m3/s)

SHW Sanitary Hot Water

T¢ indoor Comfort temperature selected for the indoor space (base temperature, 20 °C)
Thow Flow temperature (K)

T eround Ground temperature (K)

Tosses Thermal losses (W)

Tout Temperature of the exterior air.

Tret Return temperature (K)

u Insulating capacity characteristic of the pipe W/(m*K))

u; Global heat transfer coefficient (air/air) of this wall (W/ m2K)
Vainf Flow of infiltration air (m3/s)
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