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Abstract

This paper illustrates how the choice of indicators changes the design of a waste heat recovery system in district heating. A prospective system
in Grenoble (France) aims to valorize waste heat from the French National Laboratory of Intense Magnetic Fields (LNCMI) by injecting it at 85 ‘C
to the nearby district heating network. We optimize its design for three possible waste heat temperatures: 35 ‘C (current), 50 °C (viable) and 85
°C (innovative). As major components, the system includes a thermal storage (ranging from 10 MWh to 40 MWh) and may include a heat pump
depending on the waste heat’s temperature. Different optimizations are guided by two energetic indicators (one source-oriented, the other
demand-oriented) and by the overall exergy efficiency. The system’s annual performance is assessed through the Sankey and Grassman
diagrams and compared between optimal designs. Yearly simulation included optimal management of the thermal storage, through mixed-
integer linear programming. The demand-oriented optimal design suggests recovering waste heat at 35 ‘C with a heat pump and a 40-MWh
storage, granting the highest coverage of residential needs (49 %). On the other hand, the source-oriented optimal design suggests recovering
waste heat at 85 ‘C without heat pump and with a 40-MWh storage, reaching the highest recovery of waste heat (55 %). Exergy analysis
supports the source-oriented design, as it reaches the highest global exergy efficiency (27 %). Our prospective techno-economic and exergo-

economic analyses should complement these results and may change some conclusions, especially regarding the storage capacity.
Keywords

Waste heat recovery, District heating network, Design optimization, Energy management, Exergy optimization.

Highlights

. Energy-based (source- or demand-oriented) and exergy-based optimal designs differ.
. Source-oriented energy-optimal design reaches highest waste heat recovery (55 %).
. Demand-oriented energy-optimal design reaches highest demand coverage (49 %).

. Exergy analysis supports source-oriented optimum (27 % global exergy efficiency).

e  Main discrepancy between indicators revolves around using or not using a heat pump.
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Nomenclature

Names and Variables GLOB Global
COP Coefficient Of Performance HP Heat pump
ex Specific exergy (kJ/kg) HS Heat supplier
Ex Exergy [kWh or GWh] in Inlet
Ex Exergy rate (kW) ini Initial
m Mass flow rate (kg/s) L Total loss
P Pressure (bar) | Losses
Q Heat (kWh, MWh or GWh) LNCMI Laboratoire National des Champs Magnétiques Intenses
Q Thermal power (kW) max Maximal
T Temperature ('C) min Minimal
t Time [h] SST Network sub-stations
w Power (kW) sup Network’s supply
ret Network’s return
Subscripts and Superscripts TES Thermal Energy Storage
C Carnot cycle th Thermal
D Destruction w Work
DHN District Heating Network wh Waste heat
DISS Dissipation WHRS Waste Heat Recovery System
el Electrical
out Outlet Greek Symbols
Q Heat n Efficiency (%)
f Final & Electricity-to-heat conversion ratio [KWn/kWei]
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1. Introduction

As district heating networks evolve, the integration of low-temperature heat sources has become increasingly
feasible and interesting. This is especially true for advanced district heating systems (i.e. 4" generation onwards)
[1]. Studies in the literature have pointed out the interest of integrating industrial waste heat [2,3] or other waste

sources capable of producing heat [4] into district heating systems.

The diversity of sources, types of energy and temperature levels can make energy analysis insufficient. First-law
analysis and energetic indicators alone fail to account for the quality of energy streams in a system [5]. For
instance, the Coefficient of Performance (COP) of a heat pump is misleading, because it attributes the same
thermodynamic value to both work and heat transfer [6]. Furthermore, while energy balance allows to calculate
heat losses, it cannot give information on how to optimally transform energy [7]. On the other hand, exergy does
adjust the value of energy depending on its quality. In addition, this magnitude has the same units as energy, which

makes it easier to apply and interpret than entropy.

Thanks to its advantages, exergy is increasingly used in district heating analysis [8]. For example, it has been
suggested as a criterion for a more sustainable urban development [9,10]. It has also been suggested for detecting
nearby low-temperature sources for integration, an approach called “low-exergy urban planning” [11]. It has even
been suggested as main criterion for control strategies, with encouraging results in building energy systems [5] and
in geothermal district heating [12]. When waste heat is considered for district heating, exergy analysis determines

the quality matching between the low-temperature waste heat and the low-grade residential demands [13].

Investigations based on mixed electric-thermal models are emerging specially in countries where heat districts are
historically developed, for instance in eastern and northern Europe [1]. These kinds of studies usually imply the use

of an exergetic approach and sometimes require multi-objective optimization too [14].

In this article, we present a case study of industrial low-temperature waste heat recovery for valorization in the local
district heating network. The case presents an intermittent profile of low-temperature waste heat rejection, and a
variable profile of residential heat demand. These profiles are mismatched, and in addition, the temperature of the
waste heat is insufficient for direct injection into the district heating network. To address the issue of heat recovery,
a system consisting of a thermal energy storage and a heat pump is proposed. Several possibilities of storage
capacity and waste heat temperature are also investigated. The fact that this case study involves energies of
different quality and heat flows of different temperatures made it suitable for exergetic analysis. In all scenarios, the

energy-oriented optimization and the exergy-oriented optimization were compared.
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2. Methodology
2.1. System description

Fig. 1 is what the authors call the “exergo-diagram” of the study case. Similar types of figures exist in the literature
that organize potential heat sources according to their temperature levels [11]. The figure presented here just takes
the concept a bit further and uses the exergy factor as classification tool, thus allowing to compare different energy
vectors. The higher the exergy factor (quality) of an energy flow, the further up its position within the y-axis.
Consequently, electricity is at the highest position, followed by thermal energy in a descending order, as function of
its temperature. As an additional advantage, this kind of figure facilitates an intuitive perception of the exergy
destruction within each unit. In Fig. 1, continuous and dashed lines respectively represent the existing and

prospective systems.

_______________ - = Existing system
% (Additional electricity to === Prospective system
drive the heat pum w——
Electricity Bure) = Electricity

supplier = (80-160) °C thermal energy
= (35-50) °C thermal energy

= < 10 °C thermal energy

Heat 4 lI
supplier m

Exergy factor (6)

T
N 1 (District network
| temperature is
\\‘1// : : reduced)
e
;7,\\ Waste hegt_} o .} ;‘ Pt
LNcMI (Some of the waste A\
j heat is upgraded) ﬁ ﬁ ﬁ mEe
T Thermal District Heating and

DHW production
% ﬁ‘% storage p

Drac river Isére river

Figure 1. Exergo-diagram of the existing and prospective systems for the LNCMI waste heat recovery.

The Laboratoire National des Champs Magnétiques Intenses of Grenoble (LNCMI for the French National High
Magnetic Field Laboratory) is a research facility of the French National Centre for Scientific Research (CNRS). It
provides researchers and engineers from all over the world with high magnetic fields. Electro-magnets consume
electricity to produce high-intensity magnetic fields, which in turn produce invaluable results for scientific research.
The LNCMI was characterized in 2018 by a total electricity consumption of 21 GWh for 24 MW of installed capacity
(Fig. 2). This profile highlights the high intermittency and the sharp peaks of the electricity consumption. The
magnetic field does not work, so all the electrical energy injected into these magnets is dissipated as heat due to

the Joule effect. A hydraulic circuit uses cold water from the nearby Drac river to extract (through an exchanger)
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calories from the magnets’ closed cooling circuit. Then, it discharges the hot water into the Isére river. The outlet
temperature of the magnets depends on the magnet power, the Drac river temperature and the cooling mode. It

varies between 10 °C and 40 °C along the year, usually around 35 °C.

25000

20000

15000

10000

5000

LNCMI's electricity consumption [kW]

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time of the year [h]

Figure 2. Hourly profile of electric power consumption by the LNCMI (full year + zoom into one week).

Not far from the LNCMI, a large district heating network is meant to cover the need for residential heating and
domestic hot water in the Presqu’ile district of Grenoble. Currently, the inlet temperature of this network is at
120 °C, although its operator plans to reduce it to 85 °C in the near future. The study presented in this paper works

with the hypothesis that the district heating network will be at 85 °C.

Fig. 3 shows the thermal power tranches of both the LNCMI's waste heat and the district heating network’s
demands. The residential annual hourly profile is subjected to confidentiality constraints, but is similar to typical
residential needs [15]. Both the annual electricity consumption and the instantaneous electric power for the
LNCMTI’s experiences are abundant. The total waste heat from these experiences is theoretically sufficient to cover
a large portion of the residential demands. This is an interesting opportunity to evaluate the potential of a heat
recovery and valorization system. Such a system needs to assess two major challenges. First, the temporal
mismatch [16] between waste heat rejection and residential demand. Second, the fact that the waste heat

temperature is currently too low for direct injection into the district heating network.



96

97

98

99

100

101

102

103

104

105

106

J. Fit6 et al. / Energy Conversion and Management xxx (2020) xx-xxx

0.9 —LNCMI dissipated heat

0.8 —District heat consumption

Power [pu]

—

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time of the year [h]

Figure 3. Power tranches of the LNCMI's magnets and the district heating network consumption.

The Waste Heat Recovery System (WHRS) proposed to answer these challenges (Fig. 4) is made up of a
thermocline energy storage (TES) unit [17,18] and a conventional, electrically-driven water/water heat pump (HP).
The heat pump is essential for upgrading the waste heat to a temperature of 85 °C, which is the minimal supply
temperature of the district heating network. The thermocline storage is selected because of its high reliability and
Technology Readiness Level (TRL). The storage is essential for evening out the LNCMI heat production peaks and
compensating the short-term mismatch between the waste heat rejection and the network’s heat consumption.
Given the profiles, long-term or seasonal storage is not required for this studied case. As shown in Fig. 3, the waste
heat and the residential needs are similar amounts. Therefore, with the proper sizing and control strategy, the
valorization system could be able to cover the entire demands with the waste heat only. Besides, the maximum

charging/discharging powers are insufficient to absorb the power peaks coming from the LNCMI.
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Figure 4. Detailed technical diagram of the overall prospective system.
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There are three main scenarios and several cases for each scenario, depending on the temperature of the waste
heat and the storage capacity. The first main case, called “Reference case”, corresponds to an absence of waste
heat recovery, which is the current situation for the LNCMI. This reference case was evaluated at three different
temperatures for the waste heat: 35 °C, 50 'C and 85 °C. The cooling loop can be regulated for a consistent 35 ‘C
outlet temperature, and is theoretically adjustable to reject at higher temperatures. This adjustment is currently

under study by the engineering team of the LNCMI.

The second main case consists in heat valorization with the waste heat being at a lower temperature (i.e. 35 °C or
50 °C) than the network’s minimum requirements. This case requires the heat pump, and it was evaluated for
different storage capacities. The scenario with a storage capacity of 0 MWh means that heat is only valorized when

the waste heat and the residential demands are simultaneous.

The third and final main case consists of heat valorization when the waste heat is at 85 °C. This temperature is
theoretically possible if the LNCMI’'s magnets are cooled down by means of nucleate boiling [19]. This case differs

from the previous ones in that no heat pump is needed. Again, several storage capacities were considered.

The current studies on this case apply a first-law approach and are focused on mismatch compensation by means
of storage and management of the thermal energy flows. Nevertheless, the energy balances applied on some of
the units imply both electrical and thermal energy without accounting for their quality. Furthermore, temperature
levels of the thermal flows are not taken into account either. These two shortcomings of the first-law approach
made the exergetic analysis interesting for all the partners involved in the project. One of the objectives of the study
presented in this paper is to find out whether exergy analysis can identify a management strategy missed by

energy analysis.

2.2. Optimization tool and procedure

For the optimization, the tool OMEGAIpes was used [20,21]. It anticipates the management of energy flows [22] by
means of mixed-integer linear programming (MILP), an approach sometimes applied to district heating [23,24].
OMEGAIpes is a linear optimization tool designed to generate multi-carrier energy system models easily. Its
purpose is to assist in the modelling of energy system for pre-studies integrating design and operation.
OMEGAIpes is developed by the Grenoble Electrical Engineering Laboratory (G2Elab, France) in open-source and
written in Python. The tool provides a high abstraction environment: the multi-energy system of the LNCMI is

modeled as various production, consumption, storage and conversion units, connected together through energy
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nodes. A time unit is set, as well as constraints and an objective. The python script used to model this case study is

available at the Examples repository [25] of OMEGAIpes’ documentation [26].

2.3. Energy analysis
Given the transient nature of residential demands, and the intermittence of waste heat, energy balances in this

study are done on an annual basis with an hourly time step. The following working hypotheses were used:

e Pressure, temperature and heat losses across all pipelines are neglected.

e Temperature losses inside the thermal energy storage were not considered.

e The initial and final state of charge of the thermal energy storage are the same.

o Heat losses within the heat pump are neglected.
For the LNCMI, waste heat rejection is straightforwardly calculated by means of a conversion factor from electrical
energy to thermal energy (eq. 1) corresponding to the ratio between the heat dissipated in the resistive electro-
magnets and the electricity consumed by the LNCMI facility. The waste heat can then be dissipated, sent directly to

the heat pump (or to the DHN when Twh = 85 °C), or stored for later usage (eg. 2).
Qwh(t) =¢- WLeI\lICMI(t) 1)
Qun () = Qpiss() + Qe (1) + QFks () (2

As mentioned in the case description, the recovery system includes a non-pressurized thermocline storage of
water. The storage’s inlet or outlet energy flow is limited, respectively, by the maximum charging or discharging
power corresponding to one third of the total capacity (egs. 3 and 4). The charging/discharging time is assumed to
be 3 hours, which is around the typical values reported in the literature [27,28]. The heat contained at the next time
step is calculated through the energy balance at the current time step (eq. 5). Heat losses close to 1 %/day were
reported in [28] for a storage containing heat at 35 °C with its surroundings being at 20 "C. For the scenarios at 50
°C and 85 °C, these losses were re-evaluated as a function of the temperature difference between the storage and
the environment. The adjusted values are 2 %/day at 50 ‘C and 4.3 %/day at 85 “C. The heat contained cannot fall

below zero or exceed the maximum capacity (eq. 6). In addition, the initial and final states of charge must be the

same (eq. 7).
0fks(D) < Qrs ™ (3)
0745(t) < Qpgs™™ (4)
Qres(t + At) = Qrgs(t) + QFs(®) — QPES () — Qfs(t) (5)
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0 < Qrgs(t) < QTS (6)
QTES(tf) = Qres(tini) (7)

The input heat to the heat pump can come either from the storage unit (Q%%(t)), or directly from LNCMI's
experiments (Q'%,(t)) that are simultaneous with the residential needs (eq. 8). An energy balance is applied on the
heat pump (eq. 9), having its COP into account (eq. 10). The value of COPwp at T = Twn = 35 °C corresponds to a
real heat pump, while the value of COPwp at T = Twn = 50 °C corresponds to an extrapolation of the real heat

pump by assuming that its second-law efficiency stays the same (eq. 11), with constant maximum outlet thermal

power.
)i () = Q' () + Q9KE() (8)
Qifp (8) + Wigh (1) = QF5 (1) 9)
_ 0 ®
COPyp = Lo (10)

COPHP(T,Q’},:SO °c) COPHP(T,?},:35 °c)
copc(Tis=50°C) ~  coPc(Tib=35"C)

(11)

The total amount of heat supplied to the DHN is the sum of the contributions from the heat supplier and the
valorization system (eq. 12). It is assumed that the heat supplier is capable, at any time, of covering all the
residential demands that are not being covered by the WHRS. The output thermal power of the WHRS depends on

whether the waste heat temperature is 85 °C (eq. 13) or not (eq. 14).

Dt es(8) + Qus(t) = .f;;ﬁv(t) (12)
QHirs(©) = Qun () — Qpyss(t) — Qhps () if Typ =85°C (13)
JHis(£) = Q% (1) if Twn =35°C or 50°C (14)

One of the two criteria used for the energetic optimization is the Recovery Factor (RF, eq. 15). This indicator
accounts for the total intake of waste heat by the WHRS, in relation to the total waste heat available. Similar
indicators exist in the literature, for instance to evaluate how much energy of a renewable source has been utilized

[29].

AR SOY:
Recovery Factor (RF) = t=t}’"— .
Zt=tini Qwh(t) -At

(15)
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187 In addition to the total recovery of waste heat, it is also interesting to evaluate the share of residential demand that
188 is covered by the WHRS. To this purpose, the Coverage Factor (CF, eq. 16) was defined. Again, similar types of
189 indicators are used in the literature when intermittent energy sources are considered [16]. The fundamental
190  difference between this indicator and the RF is that while the RF is source-oriented, the CF is demand-oriented.

191  Table 1 introduces the values used for all parameters and variables used in the energy model.

Zt tf Qﬁ/ul-;Rs(t) At

192 Coverage Factor (CF) = ‘?‘ — 100 (16)
Zt tmLQDHpN(t) At
193
Table 1. Magnitudes used for the energy model.
Magnitude Type Value(s) or limit(s) Units
At Fixed parameter 1 [h]
& Fixed parameter 0.85 [KWih / kWel]
COPyp (THp = 35°C) Fixed parameter 3 [KWin / KWe]
COPyp (TZ‘p =50 °C) Fixed parameter 4.29 [kWin / KWel]
max
Qlnmax Fixed parameter QrES / [MW]
max
Qopemax Fixed parameter QrEs / [MW]
tini Fixed parameter 0 [h]
tr Fixed parameter 8760 [h]
T Fixed parameter [35, 50] [rcl
TIut Fixed parameter 85 rcl
Tus Fixed parameter 120 [c]
Wiee™ @ (iR = 35 °C) Fixed parameter 1260 [KWei]
Wiee™ @ (iR = 50 °C) Fixed parameter 881 [KWei]
T Optimization parameter [0, 10, 20, 30, 40] [MWh]
Twh Optimization parameter [35, 50, 85] ['C]
CF Optimization criterion [0 - 100] [% ; KWt [ KWhn]
RF Optimization criterion [0 —100] [% ; kWi [ KWin]
194
195 2.4. Exergy analysis
196  The exergy analysis is built on the energy analysis by adding new variables, parameters and balances. Most of the
197  new information refers to the temperatures of the thermal flows and the exergetic efficiency of some units. In
198 addition to the hypotheses from the energy model, the following hypotheses were added:
199 e Potential and kinetic exergy are neglected.
200 e The heat production process by the heat supplier has a constant exergetic efficiency (7exHs).

10
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e Exergy destruction within the LNCMI is dismissed, since the main useful effect delivered by this unit is not
guantifiable for exergy analysis. As stated in the introduction, the LNCMI provides researchers with

invaluable experimental data, while the waste heat is just a by-product of its activities.

Since all the heat received by the Isére river is dissipated, it was entirely assumed as an exergy destruction (eq.
17). Although the Isére’s temperature fluctuates over the year, the value of To was kept constant (at To = 8 °C), for

the sake of thermodynamic consistency [30].

To

ExBiss(t) = Qpyss(t) - ( - _) (17)

Twh

With the hypotheses used in the model there is no exergy destruction within the TES unit itself. However, this unit

does have some heat losses, which imply exergy losses (eq. 18).

Exbes() = Qbes(®) - (1- ) (18)

TES

Exergy destruction within the heat pump results from applying the exergy balance (eq. 19).

Exfp(t) = Qffb (1) - (1 - = )+ Wish(£) — QfE () - (1 ——) (19)

eifp o
The exergy destruction within the heat supplier unit was calculated assuming that its process has a constant
exergy efficiency (eq. 20). Currently, the heat supplier obtains its primary energy from a mix of renewable and non-
renewable sources. 36.9 % of it comes from household waste, 29 % from wood, 16.7 % from coal, 7.6 % from
natural gas, 6.2 % from industrial exhaust heat, 2.5 % from biomass, 1 % from fuels oil, and 0.1 % from liquid

biofuels. An exergy efficiency of n{7; = 0.40 was assumed for their combustion process. This value is around typical

exergy efficiencies for natural gas-fired boilers [31] or steam boilers [32].

Exfis(0) = 0ps(@ - (1-12) - (2 -1) (20)

THs U

Exergy destruction within the district heating network (DHN) was calculated as the difference between the inlet
contributions (i.e. the heat pump and the heat supplier) and the exergy at the network’s supply (eq. 21). Since in all

scenarios Toueup = Tsuppun = 85°C, the only exergy destruction comes from reducing the supplier heat's

temperature from 120 °C to 85 "C. Therefore, equation 21 can be rearranged as equation 22.

ExBun(® = 030+ (1 - 7287) + 0@ - (1= 1) = 05 ©) - (1- ) 1)
ExBun(®) = 0ys(©) - (28 - 12 @2)

11
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Exergy destruction within the network’s sub-stations was calculated through the difference in exergy factor of heat
between the network’s supply temperature and the end-user delivery temperature (eq. 23). The values assumed for

these temperatures were T5;r = 85 °C and T{% = 60 °C, respectively.

. . T T,
Exger(t) = Qpun (D) - <@ - ﬁ) (23)

The only criterion used for exergetic optimization is the global annual exergy efficiency, ngios (€q. 23), calculated

through the ratio of global annual exergy loss Exk, 5 (eq. 24) to the global annual exergy input (eq. 25).

i L
ex — 1 _ EXLop 23
77GLOB ExgiOB ( )
. t=t . . . . . .
Exrop = Zt:t{ni+At[EngSS(t) + Exfes(t) + Expp(t) + Exfs() + ExByn () + Exr (t)] - At (24)
ExBlop = Ty-y ae [Exun(®) + Wih(0) + Qus(®) - (1-2) - ()| - At (25)
GLOB t=tini+At wh HP HS Ths 77181).%

3. Results and discussion

3.1. Results from the energy analysis

Figure 5 presents the evolution of the Recovery Factor (RF) as a function of the TES capacity, for the three
possible temperatures of waste heat rejection (Twh). For each temperature, the reference case (i.e. without heat
valorization) is also displayed. Upon utilization of the recovery system, the RF increases from an obvious 0 % to
considerably higher values (already between 20 % and 30 % without any storage). As a TES of greater and greater
capacity is used, the RF continues to increase logically because more and more waste heat can be stored for later
usage. With a TES capacity of 40 MWh, the RF has approximately doubled with respect to valorizing waste heat
without using a TES. The recovery potential is similar to that reported in other studies on the utilization of industrial

waste heat in district heating [15].

Increasing the waste heat temperature benefits the recovery of waste heat, although the reasons are different in
each case. At Twh = 50 °C, the higher COP of the heat pump implies a greater intake of waste heat, ultimately
resulting in higher RF values. At Twh = 85 °C, it is the absence of heat pump that forces the system to take in much
more waste heat, resulting in even higher RF values. Based on this indicator, the optimization would suggest
rejecting the LNCMI’s heat at 85 °C and not using a heat pump at all. In this case, the WHRS would be made up of

the TES only (and of course the pipelines and connections, which were neglected in this study).
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The first conclusion from this figure is clear: whatever the waste heat’s temperature, it is energetically interesting to
use the recovery system. Between 20 % and 57 % of the waste heat can be recovered, depending on the design.
The RF suggests a TES as large as possible, which is only partially true, as there are physical, technical and
economic considerations to the optimal storage capacity [33,34]. As shown in Fig. 5, the cumulative benefits of a
larger TES are asymptotic, while its investment cost probably follows a different tendency. Therefore, an energetic-
economic optimum can be intuitively perceived before a capacity of 40 MWh is reached. However, given the
absence of economic or technical constraints in the present model, a TES of 40 MWh is suggested as a provisory

conclusion.
60%
50%

40%

Recovery Factor, RF [%]

| No heat valorization (reference case) | o T,,=35°C

0 10 20 30 40
TES capacity [MWh]

Figure 5. Recovery Factor (RF) as a function of the thermal energy storage (TES) capacity, for different waste
heat temperatures.

Coverage Factor, CF [%]

20%
- T,=35C
10% T, =50°C
.| No heat valorization (reference case) ’ + T,=85C
0% "
0 10 20 30 40

TES capacity [MWh]

Figure 6. Coverage Factor as a function of the storage capacity, for different waste heat temperatures.
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Figure 6 presents the evolution of the Coverage Factor (CF) as a function of the TES capacity, for the three
temperatures of waste heat (Twn), including reference cases. Like the previous indicator, the CF also shows
promising results when using the WHRS, and suggests a TES as large as possible. As for the recommendation on

the TES, the same economic considerations from the previous paragraph apply here.

The effect of the waste heat temperature on the CF, however, is inverse to its effect on the RF: higher Twn imply a
lower coverage of the residential demands. These divergences increase as the TES capacity increases. The key to
explain these results is in the heat pump’s COP. Indeed, in the scenario with Twh = 35 °C the WHRS benefits from a
COP = 3 of the heat pump, meaning that 2 GWh of waste heat yield 3 GWh injected to the DHN, so the ratio is
Qo /Q3%°¢ = 1.5. Meanwhile, in the scenario with Twn = 85 °C there is no heat pump at all, which means that 1
GWh of waste heat yields 1 GWh for the DHN, so the ratio is QZ4y/Q85° = 1 Qinprn/Quhes «c = 1. The ratio is

lower, that explains the lower values of CF.

Results with Twh = 50 °C are both counter-intuitive and interesting. Here, the heat pump’s COP is 4.29, i.e. higher
than with Twh = 35 °C (where COP = 3). So, one could think that the WHRS should be capable of covering more
residential needs. However, the COP = 4.29 implies that 3.29 GWh of waste heat yield 4.29 GWh of heat injected
to the DHN, giving a ratio of Q% /05%¢ = 4.29 GWh/3.29 GWh = 1.3, lower than with Twn = 35 °C. We remind here

that the heat pump’s maximum thermal power output is the same in both scenarios (see the model description).

Therefore, with Twh = 50 ‘C the heat pump gives the same maximum thermal output as with Twh = 35 °C, but
requires more waste heat to do so. So, at certain moments of the year, the latter can continue to produce heat
while the former cannot. This difference would not exist if unlimited waste heat was available in both scenarios, in
which case the CF would be exactly the same. But in reality, the waste heat is indeed limited, and in addition it is

temporally mismatched with the residential demands. This reasoning explains why CFr , —soec < CFr,, =35:

despite the fact that COPJ¥"~>°"" > coP¥"™>°"*. The classical definition of the COP was misleading for our

predictions on this particular indicator, for this particular study case.

Figure 6 is rich in conclusions, especially when compared to Figure 5. Both the RF and the CF agree on the
interest of the WHRS, and suggest a thermal storage unit as large as possible. Nevertheless, a different design is
suggested depending on which indicator is to be maximized. The optimal source-oriented design (i.e. focused on
the RF) would consist in rejecting waste heat at 85 °C and not using a heat pump at all. Such design would give the
highest possible RF (56.7 %), but a CF of “only” 43.4 %. On the other hand, the optimal demand-oriented design

(i.e. focused on the CF) would prefer rejecting waste heat at 35 °C and using a heat pump. This would lead to the
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maximum possible CF (49.9 %), but a lower RF (42.8 %) compared to the source-oriented design. Paradoxically
enough, rejecting waste heat at 50 °C does not seem promising for neither of the indicators, in spite of the heat

pump’s higher COP.

Of course, these conclusions are preliminary. As a matter of fact, energetic criteria alone are usually inconclusive
when not completed by other criteria, such as economic, environmental or technical ones. Moreover, most of the
indicators are sensitive to the control volume, which may be “shaped” following the interests of different parties of a
same case study. Usually, the final decision in such projects requires a multi-agent approach. Without it, it is
difficult to state an optimal solution not based on “biased” indicators, chosen in the best interest of only some of the

parties.

In the next section, we suggest the global exergy efficiency of the DHN + WHRS system as tool for identifying the
optimal design. By taking into account all local exergy destructions, this indicator aims at neither excluding, nor
favoring the interests of any party (i.e. the LNCMI's owners or the DHN'’s owners). This evaluation of the global
exergy destruction does not really have an equivalent in the first-law analysis, as energy is never destroyed. It is

likewise difficult to define other indicators on a global scale, except for maybe environmental indicators.

3.2. Results from the exergy analysis

Figure 7 presents the evolution of the global annual exergetic efficiency (DHN + WHRS) as a function of the TES
capacity, for the three waste heat rejection temperatures. Conversely to the RF and the CF, the exergy efficiency is
not zero in the reference case. Its value (in the reference case) decreases when the waste heat temperature
increases. This is due to the higher exergetic value of the waste heat that is dumped into the river. Therefore, the
exergy analysis suggests to reject heat at the lowest possible temperature (35 °C in this study) whenever there is
no heat recovery. This is already a remarkable observation, because the energetic indicators do not distinguish
between different waste heat temperatures in the reference case. The RF and the CF had the same value in all

scenarios.

Exergy efficiency increases upon utilization of the WHRS. With no thermal storage, the indicator still recommends
rejecting heat at 35 °C, although differences between the three temperatures are smaller than in the reference

case.

Then, as a TES of larger and larger capacity is used, the recommendations given by the indicator change. With
storage capacities from 10 MWh to 40 MWh, the exergy analysis recommends Twh = 85 "C and not using a heat

pump. That is logical: because it consumes electricity, the heat pump is a large source of exergy destruction in
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comparison with the direct injection of heat into the DHN (see Ex5, on Table 2 for details). Exergy efficiency points
out the 40 MWh storage as optimal. However, since its evolution is asymptotic like those of the RF and the CF, the
aforementioned technical/economic considerations apply here as well. With the current hypotheses, rejecting at Twhn

=50 °C is not the most promising choice in any of the scenarios, for any of the indicators.

28%

26%

24%

22% |

Mex,GLOB [%]

20% @,

+ T, =85°C
T, =50°C

18% l, ,
e, ’o. . J o °
"4 No heat valorization (reference case) | | & Tun=35C

16%
0 10 20 30 40

TES capacity [MWh]

Figure 7. Global annual exergetic efficiency as a function of the storage capacity, for different waste heat

temperatures.

The main conclusion from Fig. 7 is that the exergy-based optimal design for the WHRS is Twn = 85 °C and a storage
capacity of 40 MWh. This agrees with the RF and partially disagrees with the CF, which rather suggests Twh = 35
°C and a storage capacity of 40 MWh. With all indicators considered, there exist two different optimal designs. The

yearly operation of each one (with an optimal management of the WHRS) is analyzed in the next section.

Figure 8 depicts in detail the global and local exergy destructions with each Twh and a 40 MWh TES, to further
illustrate the effect of the rejection temperature. The very first observation is that Ext; 5 is lower with than without
heat recovery, in all scenarios. With heat recovery a new exergy destruction is introduced by the heat pump (Ex25),
but in exchange, that of the heat supplier (ExZ) is cut back almost by half. A side benefit is the decrease in Ex5,y,
thanks to the lower temperature of the valorized heat (85 °C) with respect to the heat supplier's (120 °C). In sum,

the added Ex2 is largely compensated (refer to Table 2 for detailed results).
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A subtler conclusion to draw from Fig. 8 is that rejecting heat at higher temperatures is an exergetically risky move
that requires careful planning. While the potential reduction in Ex%,,5 Seems rather modest, its potential increase is
substantial in the event of a poorly monitored WHRS. Of course, the waste heat has a higher exergetic value at 50
°C and at 85 °C. If a large portion of it is dissipated: 1) the benefits of the higher Twh are lost; 2) Ex3,¢s increases
notably. This is the reason why an optimal management is crucial. In fact, all results shown in this study correspond
to an optimal management of the WHRS, including (and especially) the storage unit. This optimal management

was found thanks to the OMEGAIpes tool, presented earlier in this article.

4 HH

m Substation mDHN mHeat Supplier mHeat Pump mStorage mDissipation

Figure 8. Local and global exergy destructions at 3 different waste heat temperatures (reference case vs valorization system with 40

MWh storage).

It would be exergetically interesting to reject at 85 ‘C whenever there is residential demand, and at 35 °C or lower
when the waste heat is to be dissipated. This kind of “dynamic” management of Twh would result in an even lower
Ext;op than that obtained in this study. Furthermore, increasing Twn could lead to economic savings for the high-
temperature heat supplier. It could generate benefit for the LNCMI too, as they would be able to sell their heat (be it

waste or upgraded) at higher prices. An exergo-economic analysis on this decision would be interesting.

Table 2 compiles the main results for all additional scenarios considered. In addition to the three main indicators,
the table shows all exergy destructions and the inlet/outlet energy flows of the heat pump. Whenever no heat pump

or thermal storage is being used, the term “N/A” is displayed for all magnitudes referring to those units. In the
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scenarios with Twn = 85 °C, where there is no heat pump, the values displayed as Q% and Q9% correspond to the
inlet/outlet heat flows of the overall WHRS, which happen to be practically the same since heat losses at the TES

are very small. These values are conveniently pointed out with an asterisk in brackets.

Table 2. Main energetic and exergetic results for every scenario in this study.

Twh max i Wép out RF | CF | n%0p Ex" or ExP [GWh/year]
[Cl [MWh] [GWhiy] | [GWhiy] | [GWhiy] | [%] | [%] [%] | GLOB | DISS | TES | HP | HS | DHN | SUBS
35 (REF) | O (w/o WHRS) N/A N/A NA| 00 ] 00 20.0 14.7 1.6 N/A | N/A | 10.0 1.6 1.4
35 0 (w/ WHRS) 3.61 1.81 542 | 19.6 | 23.1 22.5 12.6 1.3 N/A 1.0 7.7 1.3 1.4
35 10 6.05 3.03 9.08 | 33.0 | 38.7 24.6 11.2 11 | 0001 | 16 | 6.2 1.0 1.4
35 20 7.01 350 10.51 | 38.2 | 44.8 25,5 10.7 1.0 [ 0002 | 1.9 | 55 0.9 1.4
35 30 7.54 3.77 11.31 | 41.2 | 482 26.1 10.4 09 [ 0003 | 20 | 52 0.9 1.4
35 40 7.81 3.90 11.71 | 42.8 | 49.9 26.4 10.2 0.9 | 0.005 2.1 5.0 0.8 1.4
50 (REF) | O (w/o WHRS) N/A N/A NA| 00 ] 00 19.2 15.4 2.4 N/A | N/A | 10.0 1.6 1.4
50 0 (W/ WHRS) 4.07 1.24 531 | 221 | 226 22.1 12.9 1.9 NA| 06| 7.8 1.3 1.4
50 10 6.62 2.01 863 | 36.1 | 36.8 245 11.3 15 | 0002 | 1.0 | 63 1.0 1.4
50 20 7.66 2.33 9.99 | 41.8 | 426 25.6 10.7 1.4 [ 0005 | 1.2 | 58 0.9 1.4
50 30 8.21 2.50 10.71 | 45.0 | 45.6 26.2 10.3 1.3 | 0.008 1.3 55 0.9 1.4
50 40 8.52 2.59 11.11 | 46.8 | 47.3 26.6 10.1 1.3 | 0.011 1.3 53 0.9 1.4
85 (REF) | 0 (w/o WHRS) N/A N/A NA| 00 ] 00 17.7 17.0 4.0 N/A | N/A | 10.0 1.6 1.4
85 0 (w/ WHRS) 5.51 (%) N/A | 551(% | 30.0 | 235 21.9 13.1 2.8 NA | NA | 77 1.3 1.4
85 10 8.18 () N/A | 815(%) | 445 | 347 24.6 11.2 22 | 0001 [ NNA | 66 1.1 1.4
85 20 9.41 () N/A | 9.32(% | 51.2 | 39.7 26.1 10.4 19 [ 0020 [ NJA | 6.0 1.0 1.4
85 30 10.04 (*) N/A | 988 () | 546 | 42.1 26.9 10.0 18 | 0034 | N/A | 58 0.9 1.4
85 40 10.42 (*) N/A | 1019 () | 56.7 | 43.4 27.3 9.8 17 | 0049 | NIA | 57 0.9 1.4

(*) In this scenario there is no heat pump. The values shown correspond to the inlet and outlet of the WHRS.

3.3. Analysis of the optimal yearly operation with the energy- and exergy-based optimal designs

After the energy and exergy analyses, two different optimal designs have been identified for the WHRS. The
demand-oriented energy-based optimization recommends rejecting waste heat at Twh = 35 ‘C and a WHRS
consisting of a heat pump and a 40 MWh TES. On the other hand, both the exergy-based and the source-oriented
energy-based optimizations suggest Twh = 85 °C, a 40 MWh storage, and no heat pump at all. In this section, the
Sankey and Grassman diagrams show, respectively, the annual energy and exergy flows of the optimized

operation in both designs.

Figures 9a and 9b correspond to the design with Q7% = 40 MWh, Twn = 35 °C and a heat pump being used. Yellow

represents heat flows at 35 °C, orange those at 85 °C or lower, and red those over 85 °C. Electric flows are depicted
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in dark purple, and the primary products for the combustion process of the heat supplier are depicted in green,
somehow representing chemical exergy. On the Grassman diagrams, exergy destruction within each unit is
represented by a black triangle on the upper-right corner, with the value displayed in white and in brackets. For an

easier interpretation of the diagram, the calculation of the global annual exergy loss and efficiency is also

displayed.
Expgrop = (09 +2.1+5.0+08+1.3) GWh/y
ExpgLog = 10.2 GWh/y
10.2
S U 5 Useful effect
Nexgron = 1= 55 +0.7+3.9+83 2% (Heat at 60 'C)
Sub-
stations (Ex_loss_TES = 0.004)
= (Ex_D_TES =0)
7.9 l TES
Isére Elect. &)

%}:(g Y ?} | 0.06 (Q_loss_TES)
10.5 ‘ 0.9

Isére river rel

river

Figure 9a. Sankey diagram (energy flows in GWhl/year) for the Figure 9b. Grassman diagram (exergy flows in GWhlyear) for the
optimal operation of the WHRS with an energy-based, demand- optimized operation of the WHRS with an energy-based, demand-
oriented optimal design (i.e. waste heat at 35 °C, and a heat oriented optimal design (i.e. waste heat at 35 °C, and a heat pump).

pump).

Two interesting reflections emerge from comparing the Sankey and Grassman diagrams. First, the notable
difference in quality between electrical energy (exergy factor of 1) and thermal energy. Second, the difference in
quality between thermal flows at different temperatures. Note how the electricity consumed by the heat pump is the
smallest energy flow (Sankey), but in exergy, it is greater than most of the thermal flows (Grassman). Note also
how the heat pump and the heat supplier deliver almost the same amount of energy, but in exergy they are clearly

different (2.5 GWh in front of 3.3 GWh). This is due to the temperature difference (85 °C in front of 120 °C).

Figures 10a and 10b correspond to the design with QT = 40 MWh, Twn = 85 °C and no heat pump at all. These
diagrams follow the same color code as the previous ones. Note how in both Sankey diagrams (Figs. 8a and 9a)
the amount of waste heat is the same, and the residential demand too (23.5 GWh/year). The differences are in the

intermediary management, being the absence of heat pump in Fig. 9a the most noticeable difference.
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o (B £x,000 = (17457409 +14) GWh/y

EXpcron = 9.8 GWh/y

ﬁ Chem. 08

Heat Za\ Nex,cLop =1 — —————=273%
supplier ﬁ 1.74+2.24+9.5

Sub-
i (Ex_loss_TES = 0.049)
=) stations (Ex_D_TES = 0) Useful effect
J (Heat at 60 °C)
Isére
TES
i’
0.23 (Q_loss_TES)
Isére river

Figure 10a. Sankey diagram (energy flows in GWhlyear) for the Figure 10b. Grassman diagram (exergy flows in GWh/year) for the
optimized operation of the WHRS with a source-oriented, energy- optimal operation of the WHRS with a source-oriented, energy-based
based optimal design (i.e. waste heat at 85 °C, and no heat pump). design (i.e. waste heat at 85 °C, and no heat pump). This design is

This design is also supported by the exergy-based optimization. also supported by the exergy-based optimization.

Since the design of the WHRS is completely different in Figs. 9 and 10, there is no point in trying to establish a
gquantitative comparison between the Sankey diagrams. As for the Grassman diagrams, it can be stated that the
design in Fig. 10b increases global annual exergy efficiency (ngiop = 27.3 %) with respect to the design in Fig. 9b

(m&op = 26.4 %). Note that this is thanks to the absence of heat pump, in which electricity is transformed into heat.

Interestingly enough, note how in both scenarios the heat pump has the second highest exergy destruction, only
surpassed by the combustion process of the heat supplier, which transforms chemical exergy into thermal exergy.
The non-thermal-to-thermal units show the highest irreversibilities, while the thermal-to-thermal units show the
lowest. Perhaps a conclusion would be that it is exergetically wise to meet thermal demands with purely thermal
sources, avoiding energy transformation as much as possible. However, this conclusion is hardly generalizable

from these results alone.

4. Conclusions and perspectives

This article presented an analysis and comparison between an energy-based and an exergy-based optimal design
of a waste heat recovery system for district heating. The energy-based analysis used a demand-oriented indicator
(heating demand coverage) and a source-oriented indicator (waste heat recovered). The exergy-based analysis
used the global annual exergy efficiency as the only indicator. The study considered three waste heat temperatures
(35 °C, 50 °C and 85 °C), and five storage capacities (from 0 MWh to 40 MWh in steps of 10 MWh). Each design
option was simulated by means of the yearly profiles and optimized through mixed-integer linear programming and

a specialized open-source tool called OMEGAIpes.
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The three indicators agree on the interest of recovering waste heat. Their values improve in an asymptotic
tendency if the storage capacity is increased. The three indicators recommend the highest analyzed storage
capacity (40 MWh), although economic considerations would most likely alter this conclusion. In addition, the
indicators differ in the optimal design that they suggest. The energy-based, demand-oriented optimization
recommends rejecting waste heat at 35 °C and valorizing it with a heat pump and a 40 MWh thermal storage. This
design leads to the maximum possible demand Coverage Factor of CF = 49 %. On the other hand, both the
exergy-based and the source-oriented energy-based optimizations agree on a different design. They suggest
rejecting waste heat at 85 °C and using a 40 MWh storage, with no heat pump at all. This other design would
maximize the recovery of waste heat (RF = 55 %) and the global annual exergy efficiency (n&jop = 27 %). The
yearly operation of both optimal designs (with an optimal management of the storage unit) was analyzed by means

of the Sankey and Grassman diagrams.

Most of the results from this study are to be completed by additional criteria (economic, environmental,
technical...). For instance, both the energy and the exergy analyses suggest a storage system as large as
possible, but economy and the technical constraints would lead to a compromise. Moreover, the exergy analysis
suggests that rejecting waste heat at higher temperatures is slightly favorable, but risky if the recovery system is
not managed optimally. Nevertheless, waste heat is generally low-cost, while capital gains/savings in other units
can be high. Therefore, an exergo-economic analysis might reinforce the interest of this strategy and mitigate its

risk.

These considerations are an opening for a future study comparing the energy and exergy analyses to their
economic counterparts. Such a study could: 1) Determine the definitive optimal storage capacity; 2) Confirm the
interest of waste heat at higher temperatures; 3) Emphasize the differences between energy- and exergy-based

optimizations.

A storage unit is not the only way to cope with an energy mismatch. In this particular study case, the LNCMI’s
annual calendar of experiments could be re-adjusted to better fit the residential demand curve. Such scenario
deserves a thorough economic analysis, as the optimal response is not obvious. The new calendar should prioritize
experiments in winter, where most of the residential needs take place. However, electricity prices are higher in
winter. This scenario would only be feasible if the LNCMI’s gains from selling waste heat could outweigh the higher
expenses in electricity consumption. This perspective is currently under consideration by the LNCMI’s engineering

team. Furthermore, demand-side management (DSM) approaches are other ways to be studied in order to adapt
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the consumption profile to the available waste heat. Once again, these approaches need to include economic

aspects, such as the contracts between the supplier and the end-users.

Another interesting perspective comes from the LNCMI’s side, too. As a matter of fact, the temperature of heat
rejection can be adjusted by managing their cooling loop (hydraulic pumps’ rotational speed, etc.). This cooling
loop could be dynamically controlled to target an optimal match with the residential demands. Such a dynamic
control would adjust for higher temperatures when the experiments and the residential needs are simultaneous,

and lower temperatures when they are not. This strategy might improve the results of the exergetic analysis.
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