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Abstract: This work is related to the Flexynets project, pursuing the realization of a neutral-
temperature (15-25 °C) district heating and cooling network based on heat pumps. In this
concept, heat pumps substitute heat exchangers in residential substations. This approach
would allow the integration of a large number of waste heat sources, at temperatures usually
not accessible for traditional networks. The additional costs given by heat pumps would then
be repaid by the availability of cheap heat, by reduced thermal losses, and by the consequent
possibility to exploit long-term storages.

Clearly, the use of heat pumps implies the simultaneous presence of thermal and electrical
energy consumptions. Furthermore, the heating/cooling duality of the network suggests the
shift from the producer/consumer model to the prosumer concept, as in electrical smart grids.
These aspects, while yielding more operational flexibility, increase the complexity of the
corresponding market models, with different possible prices for buying/selling
thermal/electrical energy.

Considering energy prices, reference technologies, and a reasonable performance range for
heat pumps, we identify simple bounds for the admissible costs of a Flexynets network, under
the constraint of having final user prices no higher than for current reference options. Though
the obtained values are rather demanding bounds considering the present energy costs, they
still offer margin for the feasibility of the proposed approach.
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1 INTRODUCTION

The reduction of fossil fuel consumptions and thereby of CO, emissions is currently at the top
of the European agenda for the energy sector. A crucial element to tackle this challenge has
been identified in district heating and cooling (DHC) technology (Lund et al. 2010, Connolly et
al. 2014). Furthermore, this technology has been identified by the European Commission as
an important contributor to moderate the heating and cooling energy demand in order to reduce
the EU's external energy dependence (European Commission 2014). Thanks to the use of
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combined heat and power (CHP), waste to energy (WTE), and industrial waste heat recovery,
a certain number of otherwise unexploited thermal sources can be integrated into district
networks, significantly improving the overall efficiency of the energy system. Moreover, more
innovative solutions based on solar heat and/or a sustainable use of biomass can
correspondingly increase the renewable fraction of the supplied heat (Lund et al. 2010).

In a context of potential expansion of district heating (DH) — or more generally district heating
and cooling — it is important to investigate all possible directions of improvement for this
technology (DHC+ 2012). A key element was identified in the reduction of the network
operating temperature, in order to decrease thermal losses, as proposed for the so-called 4-th
generation district heating (Lund et al. 2014). The Flexynets project (EURAC 2015), funded
within the Horizon 2020 programme, aims to push this concept to the limit, considering a low-
temperature network (at around 20 °C) based on distributed heat pumps (HPs) and with the
potential to simultaneously provide heating and cooling. Such a strong reduction in
temperature, besides dramatically decreasing heat losses, opens up the possibility of
exploiting more waste heat sources within urban areas, at temperatures usually not exploitable
for traditional networks.

In general, the Flexynets project focuses on the following main topics. A strong reduction in
network temperatures is considered in combination with the introduction of distributed heat
pumps. High COP values can be obtained by properly tuning the operating temperatures. The
installation of HPs at user substations can also be exploited for reversible operation, with
simultaneous availability of heating and cooling and the advantage of offering two services with
a single network. Moreover, these changes suggest the use of innovative piping solutions,
possibly without insulation. On the other hand, a low supply-return temperature difference is
expected for this network, requiring larger flow rates and hence larger diameters.
Understanding advantages and disadvantages of this approach requires an investigation of
several aspects, both on the technical and economic side.

The Flexynets concept exhibits common points with water loop solutions found in geothermal
applications and commercial buildings. Examples including groups of buildings are already
available, though not on the large scale proposed in Flexynets. Similar types of analysis are
being developed also in other research projects (EU FP7 e-hub project 2010) and institutions
(Foster S. et al. 2016).

This paper aims to provide some preliminary economic estimates from a general point of view,
avoiding as much as possible technical details, which are still being developed within the
project consortium. A top-down approach is adopted, where current energy prices are taken
as an input and estimates for the admissible prices of a Flexynets network are calculated as
an output, exploiting simple relations for HP performances. In this way, upper bounds for
economic margins can be estimated. The dependence of these results on the considered
assumptions is also discussed. Note that this avoids an explicit estimate of investment costs
(which would be needed in a bottom-up approach). Of course, estimating the latter is needed
to carry out a full feasibility study and will be one of the outputs of the Flexynets project.

The paper is organized as follows. In section 2, the Flexynets content is described in more
details, explaining expected strengths and weaknesses of this approach and presenting
possible configurations for substations. Section 3 focuses instead on the aforementioned
bounds, including a simple sensitivity analysis as a function of electricity and reference prices.
Finally, section 4 contains the conclusions.
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2 THE FLEXYNETS CONCEPT

As anticipated in the introduction, the core idea of the Flexynets concept consists in operating
the network at a neutral (i.e., close to surroundings) temperature and then raising/lowering the
latter through heat pumps directly at user substations, according to corresponding needs. This
difference has some important consequences, which is useful to highlight.

A network operation temperature close to the surrounding temperature strongly reduces the
need for highly insulated pipes. Special pre-insulated pipes represent one important cost item
in traditional thermal networks and avoiding them would introduce significant savings. On the
other hand, installing heat pumps instead of simple heat exchangers would increase
investment costs for residential substations. For a low temperature network (11-18 °C) installed
in Duindorp (The Hague, Netherlands), it has been estimated an additional cost of about 5500
€ per dwelling with respect to the installation of a conventional heating system (Foster S. et al.
2016). Similarly, while lowering the network temperature would allow the integration of a larger
number of cheap waste heat sources, the operation of heat pumps would require a certain
fraction of expensive electric energy. The balance between these four drivers — pipe costs vs
substation costs, source heat costs vs operation electricity costs — is expected to be the main
factor determining the success or the failure of the Flexynets concept.

2.1 Substations

Traditional substations are constituted by a heat exchanger surrounded by some auxiliary
components. On the primary side (i.e., the network side) these can be differential pressure
controllers, differential pressure restrictors, and flow regulating valves, while on the secondary
side (i.e., the user side) they are typically pumps and recirculation valves (Frederiksen and
Werner 2013). Depending on the actual implementation (direct or indirect — i.e., hydraulically
separated — connection to the heating equipment), other details can be introduced. In
particular, several types of domestic hot water (DHW) generation solutions can be
implemented, either instantaneous or tank-assisted.

Similarly, also for the Flexynets concept a range of possibilities can be considered. The core
difference with respect to the traditional case is anyway the substitution of the heat exchanger
with a water-water heat pump. The operational limits of the latter can somehow influence the
operating conditions of the connected circuits, though using for example recirculation solutions
a significant flexibility can still be granted.

In Figure 1 it is reported a simplified scheme for a Flexynets substation, including a backup
boiler besides the heat pump. Other combinations of equipment (e.g., including solar thermal
panels) are being considered in the Flexynets project. A compromise between the additional
flexibility provided by the installation of more components and the higher investment costs
must of course be found.
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Figure 1. Schematic of Flexynets’ substation (boundary ). The substation exploits low
temperature heat from Flexynets (boundary X,) for covering heating, cooling and hot water
loads of residential buildings (boundary Z3).

From the point of view of thermal energy, the introduction of HPs makes it possible to consider
network users not just as consumers or producers, but as prosumers, similarly to what
happened in the electric grid context with the penetration of distributed photovoltaic (PV)
generation. This reversible — or, more precisely, invertible — operation mode is expected to
have some limitations, actually not very different from the electric case. First, it can be
considered only in locations with a non-negligible need of cooling. Second, it is affected by a
strong seasonality, where an energy flow towards the grid is typically expected only in summer,
with intra-day oscillations given by the possible alternating need of cooling and DHW. This
resembles effects present also in the electric sector, where PV generation depends on location
and seasonality, so that excess electricity production with respect to self-consumption only
takes place in summer.

2.2 Supply stations

Supply stations, in principle, do not need to be much different from those already used in
traditional networks. However, the lower network temperature would significantly improve the
profitability of cogeneration systems, like combined heat and power (CHP) stations. Moreover,
it could open up the possibility of exploiting different sources or technologies.

Some notable examples are worth to be discussed. A first one concerns waste heat from
chillers as found in shopping malls or food cycle facilities. While these systems cannot produce
all the heat required by a district network, they represent a non-negligible amount of energy
and have the considerable benefit of being often very close and well integrated in the urban
environment. Consequently, their connection is expected to be less expensive than for
industrial facilities typically located at a certain distance from residential areas.

A second example concerns solar thermal heat. Solar fields based on flat plate collectors are
already being considered for traditional DH networks, within the so-called solar district heating
concept (Nielsen 2012). However, a neutral network temperature would greatly improve the
profitability of these systems, either in terms of performances or in terms of reduced
investments costs (thanks to the use of cheaper low temperature collectors).

The last proposed example concerns ORC engines. These systems are suitable to produce
electricity from low-medium temperature thermal sources, where common steam turbines are
not applicable. However, unless the condenser side is at a reasonably low temperature, their
efficiency is poor, making the system not economically attractive. A neutral temperature
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network could therefore make these systems more viable, provided a large number of
operation hours can be guaranteed.

In Figure 2 it is reported an example of a Flexynets heat supply station. It includes an ORC
engine and a sorption chiller, supplied by a concentrating solar field (in order to produce the
required operating temperatures for these machines) and by a backup boiler. As for
substations, other (possibly) simpler combinations are possible.

Other types of supply stations would benefit from the Flexynets concept. Important solutions
to be analysed for Flexynets are stations for cold supply — in view of a fully reversible network
— and appropriate storage solutions (possibly seasonal, for an optimal yearly energy balance).
In particular, a crucial aspect is clearly given by network balance, i.e., matching supply and
demand. While a certain amount of quick modulating equipment (e.g., gas boilers) should
anyway be considered, proper storage solutions and an appropriate initial sizing of the network
are expected to allow for the integration of a large number of non-balancing supply stations,
whose operation can be optimized according to internal needs rather than to network requests.
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Figure 2: Schematic of Flexynets’s powerstation (boundary X,). This system aims to
compensate Flexynets (boundary X;) temperature fluctuations by delivering heating or cooling
according to its needs.

3 ECONOMIC BOUNDS

In order obtain a detailed estimate of the techno-economic balance of the proposed thermal
network, specific configurations will be designed and analysed within the Flexynets project,
including information about costs and performances of all main components. Besides this
bottom-up approach, where the overall system is explicitly built from its underlying components
(generation stations, network, substations, each with its technical and economic parameters),
it is however possible to consider also a top-down approach, where some useful bounds for
the system elements can be obtained starting from general assumptions, derived by
comparison with other reference cases. This is the methodology adopted in this paper to
identify some requirements of a Flexynets network. In particular, inputs of this top-down
approach are energy production prices, reference heating and cooling costs, and HP
performances, while the output is the admissible energy price of a Flexynets network.
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As far as reference solutions are concerned, good practical choices can be individual natural
gas boilers and classic DH for heating and individual split units for cooling. These can be taken
as systems to compare with. Reasonable estimates for the corresponding costs will be
provided below, but general considerations can be made without using explicit values, but just
referring to reference heating and cooling unitary prices (i.e., costs per energy unit) as cy rer
and c¢ yef-

It is assumed that the final price for residential users in a Flexynets network should be equal
to or lower than these reference prices. This can be written as:

1 1

CHFN = Cel SCOPy + Cthu, PN (1 - SCOPFN> < CHyref » 1)
1 1

Cc N = Cel SEER,y + Cencpn (1 + m) < Ceref (2)

where cy py and c¢ py are the heating and cooling overall costs for the user (including thermal
energy and electricity costs), SCOPry and SEERy are the seasonal coefficient of performance
(for heating) and the seasonal energy efficiency ratio (for cooling) of a heat pump in a Flexynets
substation, c,; is the unitary electricity price, and c,, y ry and cqp ¢ py are the prices applied by
the network manager to the user for supplying (in heating mode) or dissipating (in cooling
mode) the thermal energy exchanged with the network. Note that the latter is smaller than the
final energy consumed by the user in heating mode (where electricity gives an additional
heating contribution), while it is higher than the energy rejected by the user in cooling mode
(where electricity has also to be dissipated).

A few remarks are in order. First, it is useful to stress that the final user cost is given by the
sum of electricity and thermal energy costs. From a market point of view, one can figure out
business models where the district manager also delivers electricity and possibly provides a
unified DHC bill to the user, but in general two different companies can be expected to provide
electricity and thermal energy supply/dissipation. Second, different thermal energy costs could
be applied depending on the operation mode — either heating or cooling. In particular, while in
heating mode thermal energy is supplied to the user, in cooling mode thermal energy is
absorbed from the user. This resembles a sell/buy situation as found in the electricity market,
with different prices in the two cases. Here, a more radical difference is present: as cooling is
considered a “useful” effect, the user is assumed to pay also for dissipation (with a cost no
higher than for the reference case). While different market approaches can in principle be
devised, this seems to be the most natural one for the Flexynets system.

Taking a step further, it is interesting to consider the limiting case where the overall Flexynets
costs for the user are assumed to be exactly equal to the reference cases, i.e., ¢y py = Chref
and ccpy = ccrep- In this way, it is possible to estimate an upper bound for the Flexynets
thermal energy prices. It is indeed evident from the above relations that, as part of the user
costs will be taken by the electricity quote, the maximum admissible thermal energy prices will
have to be lower than in reference cases. Solving Egs. (1) and (2) for c;p y py @nd ¢ ¢ v ONE
finds

C l/CH, f 1
CthHFN = CHref (1 - gcopre -1 (3)
FN
Cet/Cerer + 1 SEER¢f + 1
CenCFN = Ceiref (1 N SeEER;:/ +1 ) e <1 - SEER::N + 1) @



Marco Cozzini et al / 12th IEA Heat Pump Conference (2017) 0.2.6.4

where SEER,. is the reference seasonal EER value of the reference split unit.

In order to provide some order of magnitudes for these values, we consider an example based
on typical current energy costs in the North of Italy. For the heating reference price, there is
not a significant difference between individual gas boilers and district heating, yielding an
indicative value of ¢y ..y = 0.10 €/kWh. For cooling, a typical SEER value for the considered
region is SEER,.r = 3 (EU FP7 iINSPiRe project 2016), while a typical electricity cost is ¢,; =
0.18 €/kWh, yielding a cooling reference cost of c¢,er = co;/SEER, s = 0.06 €/kWh. Finally,
with network temperatures of 15-20 °C and supply temperatures typical of modern residential
heating and cooling plants, existing heat pump models can deliver performance values of the
order of SCOP;y = 5 and SEERyy = 6 (EU FP7 iINSPiRe project 2016). With these assumptions
one gets ¢y py = 8.0 c€/kWh and ¢, o py = 2.6 c€/kWh, which are the maximum prices
applicable by the district manager in order to compete with the considered reference costs.

3.1 Sensitivity analysis

As it can be seen from Egs. (3) and (4), the admissible costs charged by the district manager
depend only on three parameters, namely the reference price, the electricity price, and the
average heat pump performance in the Flexynets network. Apart from the indicative values
provided above, it is interesting to investigate the variability of these parameters and to perform
a simple sensitivity analysis for the resulting admissible costs as a function of these variables.

3.1.1 Heat pump performances

The HP performance depends on the chosen operating conditions (network temperature and
secondary circuit temperature), as well as on the specific heat pump model. For models
currently available on the market, one finds performances as those reported in Table 1. Here,
in heating mode the COP is reported as a function of the inlet network temperature Tty ins
for a given outlet temperature Tj,44 0, = 35 °C 0n the secondary circuit (supply temperature
to the user). This outlet temperature is representative of a modern residential heating plant,
e.g., exploiting radiant panels as heating terminals. In cooling mode, the EER is again reported
as a function of the inlet network temperature for a given outlet temperature T;q4 0y = 15 °C
on the secondary circuit. This temperature is compatible with typical residential cooling
terminals.

Table 1: Typical ranges of HP performances depending on operating temperatures.

Heating mode Cooling mode
Tnetw,in [OC] Tload,out [OC] COPFN Tnetw,in [OC] Tload,out [OC] EERFN
10 35 4.8 25 15 6.5
15 35 5.3 30 15 5.8
20 35 5.8 35 15 5.1

It can hence be seen that, with network temperatures in the range 20-25 °C, seasonal averages
SCOPzy = 5 and SEERy = 6 in heating and cooling mode respectively are feasible, while the
expected performance variation for network temperature fluctuations of +5 K is of the order of
10 %.

3.1.2 Dependence on electricity and reference prices
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This subsection discusses the sensitivity as a function of electricity and reference costs. To

this purpose, HP performances are fixed to SCOPy = 5 and SEERy = 6 in heating and cooling
mode, respectively,

Electricity and reference prices can significantly vary from country to country, as well as in
time. From Egs. (3) and (4) it can be seen that the admissible Flexynets prices have a linear
dependence on both the electricity and reference prices. In terms of derivatives

dc 1 dc 1
thHFN _ _ , thHFN _ 14+ )
dcg; SCOPgy — 1 OcrefrH SCOPgy — 1

d Cth,c,FN __ 1 aCth,c,FN —1_ 1 ©6)
Jdcgp SEERpy +1° acref,C SEERgpy + 1

This shows that both admissible prices (in heating and cooling mode) must decrease when
electricity prices increase, while they can increase when reference prices increase, as
expected. In the following figures, these behaviours are explicitly visualized for a certain range
of values.

In particular, Figure 3 shows the dependence of the admissible price applied by the district
manager to the user in heating (c¢pury) and cooling (cq,cry) Mode. Different curves of
constant admissible price are visualized in the figure, like in a contour plot (these are just
straight lines, as derived from the above linear equations).
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Figure 3: Flexynets’ heat prices (€/kWh) for heating (left, c;, 4 ry) and cooling (right, c;,cry) as a
function of the electricity price and reference heating/cooling prices. Curve of constant value
are shown, like in a contour plot.

As discussed, for the heating case one has ci,yry < Cinrer - If the reference price is
considered to be that of a traditional DH system, this relation shows how in a Flexynets network
heat must be sold at a lower price to be competitive. It is hence interesting to analyse how this
affects the district manager margin with respect to the heat production cost. To this purpose,
explicit cases are considered. In particular, two different types of sources are assumed for both
heating and cooling, a high-cost (e.g., a centralized natural gas boiler for heating and a
centralized compression chiller for cooling) and a low-cost source.(e.g., waste heat for heating
and free cooling for cooling). The corresponding assumed costs are reported in Table 2.
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Table 2: Assumed production costs [€/kWh] for heating and cooling.

High cost Low cost
Heating 0.037 0.010
Cooling 0.027 0.001

In a real DHC network, these sources can then be combined with different weights. For the
present analysis, the weights for heating are assumed to be wy,. ; = 50 % (high-cost) and w;. 4
=50 % (low-cost), while for cooling wy. ¢ = 30 % (high-cost) and w;. ¢ = 70 % (low-cost). Other
possible combinations could be realistic, with a significant dependence on the location. One
then gets for the production costs ¢4y = 0.023 €/kWh (heating) and c,,,q,c = 0.0087 €kWh
(cooling). Finally, the margin is calculated as cppry = Cthurn — Cproan aNd Crmcry =
Ctnc,FN — Cprod,c» TOr heating and cooling respectively.

The results are shown in Figure 4, where the curves of constant margin are plotted as a
function of the electricity price and of the reference price.
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Figure 4: Flexynets’ margins (€/kWh) for heating (left, c,,, y py) @and cooling (right, ¢, crny) as a
function of the electricity price and reference heating/cooling prices. The red line at the bottom
highlights the limit of zero margin.

4 CONCLUSIONS

This paper, after providing a description of the Flexynets concept, presents a simple analysis
of the price requirements of such a thermal network. This system is indeed based on distributed
heat pumps, which involve electricity costs and consequently modify the user cost distribution.
Considering HP performances and electricity price, an upper bound for the network heat/cold
price (i.e., a maximum admissible price) can be derived. Using realistic values for electricity
and reference heating and cooling prices, the above analysis yields maximum admissible
prices of 0.08 €/kWh for heating and of 0.026 €/kWh for cooling. The paper discusses the
dependence of this value on the parameters at play, through both equations and plots. A
sensitivity analysis in terms of electricity and reference prices is explicitly carried out. Finally,
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the paper discusses the consequences of the calculated prices on the network manager
margin. This is calculated under certain assumptions for heat/cold production costs.

The research line related to these topics is currently raising a significant interest, as witnessed
by the recent EU calls appeared on this field. This paper mentions only a limited part of the
aspects involved in this type of analysis. In order to fully investigate the viability of the Flexynets
concept, a more extensive analysis will be carried out during the project. A key point will be to
assess the real potential of low temperature waste heat to be possibly integrated in the
network. Indeed, this could significantly lower energy production prices, strongly affecting the
margin for the district manager. Other activities being performed include technical
investigations (e.g., about the optimal network and load temperatures for the system) and a
full bottom-up analysis taking into account all investment costs for the system (heat/cold
generation systems, piping, substations). Furthermore, provided the general feasibility of the
system will be confirmed, the analysis of possible business models in this electric-thermal
hybrid context will require special attention.
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