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HIGHLIGHTS

e We investigate active greywater heat recovery with heat pumps under various conditions.
e Colder climates and large hot water consumption induce larger electricity savings.

e We identify and compare various system configurations for heat recovery.

o Closed-loop systems, with greywater as direct heat source, show largest potential.

ARTICLE INFO ABSTRACT

Keywords: In the effort to de-carbonize the building stock, heat pumps are increasingly utilized in Switzerland, with 70% of
Greywater heat recovery the fast-growing heat pump market using ambient air as heat source. Inexpensive and easy to implement, these
Decentralized heat pumps are, however, less efficient than their ground- or water-source counterparts. In this modeling study,
I;z:el: rircniot water we aim at increasing the efficiency of air-source heat pumps using domestic greywater-contained heat. We assess
Wastewater the performance improvement relative to standard heat pump configurations across various climates, seasons,

building envelopes, and domestic hot water consumption patterns. The results show that the annually-averaged
coefficient of performance improves by 4.1% on average — ranging from 0.6% to 7.5%. This efficiency gain
translates on average to 1.8 kWh/week of compressor electricity savings. Although attractive due to its
simplicity, the proposed open-loop configuration — preheating of an external heat source — only leads to moderate
performance improvement of air-source heat pumps. Based on these results, we extensively discuss and compare
alternative system configurations and identify several fundamental differences in the heat recovery dynamics of
each configuration. We show that closed-loop systems — using greywater as direct heat source — show the largest
performance improvement potential, although being more expensive and complex to implement.

Energy efficiency

massive shift from oil furnaces to electric heat pumps. In Switzerland,
electric heat pumps cover more than 18 % of the total heated floor area,

1. Introduction

The residential sector commonly accounts for 30 — 40% of the final
energy consumption — and carbon dioxide emissions — in OECD countries
[1]. In their effort to mitigate global warming, the European Union (EU)
and Switzerland aim at reducing the carbon footprint of their building
stock: in the EU, the Energy Performance of Buildings Directive (EPBD)
requires that all new buildings must be nearly zero energy buildings
from 2021 [2]. In Switzerland, the 2050 Energy Strategy aims at a 45 %
reduction in residential primary energy use compared to 2010 [3].

In line with the push for building efficiency, heat generation for
space heating (SH) and domestic hot water (DHW) use is undergoing a

compared to 10 % in 2011 [4]. About 70 % of these systems use ambient
air as a heat source [5]. Inexpensive and easy to implement, air-source
heat pumps are, however, less efficient than their water- or ground-
source counterparts, with typical seasonal performance factors of
roughly 3.5 vs. 4.5 [6]. This is accentuated by the low heat pump effi-
ciency in winter, inducing electricity demand peaks when the heating
demand is largest.

To improve the efficiency of air-source heat pumps, one strategy
aims at exploiting waste heat streams from domestic hot water usage
[7]. Heat recovery at the urban-scale — from the household to receiving
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Fig. 1. Schematic description of the heating system with open-loop greywater heat recovery: the air-source heat pump (HP) supplies a domestic hot water (DHW)
tank and a space heating (SH) buffer tank. Another tank collects greywater (GW) from the DHW system and a heat exchanger (HEX) preheats the ambient air stream

entering the heat pump evaporator.

waters — and its systemic consequences (e.g. on wastewater treatment
processes) have been extensively investigated [8-10]. At the level of
sewers or wastewater treatment plants, hundreds of full-scale waste-
water-source heat pump projects exist around the world [11,12]. In
comparison, building-level heat recovery has only been gaining traction
inrecent years. The straightforward use of high-temperature wastewater
streams as well as the facilitated local reuse make in-building technol-
ogies promising candidates to increase the efficiency of building energy
systems [13]. We note, however, the growing concern with regard to
competitive interactions between building-level and urban-level heat
recovery systems [14,15].

Building-level systems presented in the literature distinguish be-
tween passive and active heat recovery. Passive strategies — often
referred to as drain water heat recovery — only involve heat exchangers,
thus a direct removal of heat from wastewater streams, typically
showers [16-20]. Active approaches involve a heat pump in order to
further upgrade the recovered heat before reuse. Numerous examples of
active heat recovery from wastewater using heat pumps exist in the
literature [21-28]. These studies report high potentials for wastewater
heat reuse in combination with heat pump systems. However, to our
knowledge, few provide comparative results for similar systems using
conventional heat sources (e.g., ground, water bodies, ambient air)
without wastewater heat recovery. It is thus unclear what efficiency gain
can be expected from such systems. Baek et al. [21], for instance, report
a coefficient of performance (COP) of 4.5 — 5.0 and 100 % hot water load
coverage in a hotel, using a water-water heat pump and greywater as
heat source. However, they provide no comparison with an alternative
system without heat recovery.

Similarly, Meggers and Leibundgut [25] performed a modeling study
on the use of greywater for domestic hot water production with a water-
water heat pump, sourcing heat directly from a greywater tank with a
heat exchanger incorporated in the tank walls. They argue that high COP
values (6 — 7) are feasible by minimizing the temperature lift for the
production of 55 °C hot water. The true potential of the heat recovery
system is again difficult to assess as no comparison with a conventional
heat pump system is provided.

Ni et al. [26], in their modeling study, used greywater stored in an
outside tank as a heat source to provide SH and DHW. The authors report
a 17 - 57.9 % energy consumption reduction compared to a conven-
tional gas furnace systems in the USA. The benefit of using greywater
over a conventional heat pump - e.g., air-sourced —, though, remains

unclear.

Postrioti et al. [27], in their experimental study, are among the only
authors to provide a comparison with a conventional heat pump system.
They used a standard water-brine heat pump in combination with a
greywater tank and an outdoor air-unit to provide space heating and
domestic hot water. In this study, ambient air temperatures were rather
high (around 10 °C) and close to the greywater temperatures. Never-
theless, they report a 12 % COP improvement for the greywater heat
recovery system compared to the same system without heat recovery.

In addition to the described lack of comparison with conventional
heat pump systems, modeling studies often do not realistically simulate
the dynamics of water consumption and water-contained energy (e.g.,
heat losses from pipes and appliances), which is suspected to affect the
assessment of the heat recovery potential [29]. Among the only studies
to do so, Seybold and Brunk [28] simulated a water-water heat pump
system integrated with a greywater tank to preheat DHW to 45 °C, with
an auxiliary gas boiler to heat up DHW to 60 °C. They used real
hydrographs to simulate DHW loads and even considered fouling of the
heat exchanger in the greywater storage. They report a heat pump COP
of 5.5, covering 48 % of the DHW heat demand.

In this paper, we assess the potential of an active greywater heat
recovery system to increase the efficiency of air-source heat pumps, as
they are the most common type of heat pumps in Switzerland. We use
greywater to preheat the airflow entering the heat pump outdoor unit. In
contrast with other configurations reported in the literature, we propose
an open-loop setup, where an external heat source flow — here ambient
air — is preheated before entering the heat pump evaporator. The value
of this configuration lies in its simplicity: implementing it in newly
constructed buildings or as a retrofit measure to improve the perfor-
mance of existing air-source heat pumps could be as easy as adding a
heat exchanger in series with the outdoor unit.

This study contributes to closing literature gaps detailed in the par-
agraphs above by analyzing the performance of a greywater heat re-
covery device under a wide range of scenarios and using realistic
simulations of the DHW system. Perhaps most importantly, we compare
the heat recovery system with a conventional air-source heat pump
system and are therefore able to assess the benefit of upgrading the
system with greywater heat recovery. The simulation scenario tree
covers three climates, three seasons (winter, fall/spring and summer),
two single-family dwellings of different envelope qualities, and two
domestic hot water loads. Furthermore, we critically assess the proposed
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Fig. 2. Flow diagrams of the system operation. Left: heat pump control strategy for the supply of DHW and SH. DHW loads have priority over SH loads. Right: control
strategy for the use of greywater (GW) heat, which regulates the mass flow of ambient air through the greywater tank heat exchanger (GW HEX).

Table 1

Selected building archetypes. Characteristics and specific space heating loads.
Building B1 B2
Type Residential Residential
Construction year 2003 1983
Number of floors 3 2
Floor area (m?) 370.66 405.5
Wall area (m?) 395.27 352.8
Specific SH load — Geneva (kWh m™2a™) 39.14 88.08
Specific SH load — Rome (kWh m?2a™) 14.73 41.72
Specific SH load — Helsinki (kWh m2a™*) 74.99 153.27

open-loop approach in comparison with closed-loop configurations —
using greywater as direct heat source — typically found in the literature
and we formulate recommendations for building installation.

2. Materials and methods
2.1. Model description

The modeled system, shown in Fig. 1, includes (i) an air-source heat
pump, (ii) a DHW tank, (iii) a SH buffer tank, (iv) a greywater tank and
(v) a greywater heat exchanger. The model was programmed in the
equation-based modeling language Modelica [30], combining the Mod-
elica Buildings Library [31] - for the heating system — and the WaterHub
Modeling Framework [32] - for the DHW system. The full model
parametrization is available in the supplementary material (Table S1).

We calculated SH loads and DHW loads following methodologies
based on building archetypes and DHW systems described in Sections
2.3 and 2.4. Multiple building envelope qualities, climates, and DHW
loads were combined into 12 scenarios to determine efficiency gains and
energy recovery performances over a wide range of conditions and
setups.

2.2. System operation

Flow diagrams in Fig. 2 describe the operation strategies. The heat
pump operates with priority on DHW over SH, thus turning the heat
pump on when the DHW tank temperature falls below a threshold Tigyy,
set to 60 °C (with a bandwidth of 12 K, i.e. turning the heat pump on
when the tank temperature falls below 54 °C and off when reaching

66 °C), in accordance with guidelines provided by SVGW [33] for the
prevention of Legionella growth in DHW systems. If no DHW recharge is
required, the SH operation turns the heat pump on when the tempera-
ture of the SH buffer tank falls below a threshold Tg;, based on the
building’s heating curve (see Section 2.3 and Appendix B). The opera-
tion of the active heat recovery system aims at maximizing the airflow
through the heat exchanger connected to the greywater tank, under the
condition that the greywater in the tank is both warmer than ambient air
and above 0.2 °C to prevent freezing in the greywater tank.

2.3. Space heating load

We simulated two single-family homes (SFH) with different SH loads,
representing two buildings of different age classes and envelope quali-
ties. The selected SFHs both featured a floor area of 141 m?, representing
the statistical mean size of a SFH in Switzerland [34]. We calculated SH
loads based on two sample buildings selected from a set of building
archetypes representing the Swiss residential building stock [35].
Table 1 summarizes their main characteristics as well as specific heating
loads simulated with EnergyPlus [36] for three selected climates:
Geneva, Switzerland (temperate), Rome, Italy (Mediterranean) and
Helsinki, Finland (humid continental). In Geneva, the selected buildings
showed an annual specific heating load of 39.14 and 88.08 kWh m 2 a’’.
With moderate space heating intensities, both buildings qualified for
floor heating and heat generation by means of an air-source heat pump.
For each simulation, we calculated absolute SH loads by normalizing the
climate- and building-dependent specific SH load to 141 m2.

The model does not simulate the building’s heat emission system
directly (in this case a radiant floor heating system). Instead, calculated
SH loads were connected — thermally — to the SH buffer tank. Thus,
besides SH loads, the model required supply temperatures for a virtual
floor heating system. Supply temperatures are crucial for the perfor-
mance of the heat pump as they directly influence the heat pump tem-
perature lift. We determined the supply temperature as a function of the
ambient air temperature, i.e. the heating curve of the building, following
a methodology adapted from Rhee et al. [37]. The method estimates the
supply temperature required to meet a given floor surface temperature
based on the assumption that the building has a single zone (no internal
partition). A full description of this method is available in Appendix B.
As heating curves were similar for all climates, the Geneva heating
curves — one for B1, one for B2 — were used in all scenarios.
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Fig. 3. Greywater system appliances and plumbing layout, modeled with the WaterHub modeling framework [29]. The hot water flows from the domestic hot water

tank heat exchanger (DHW Tank HEX).

Table 2

Water consumption events for the greywater-producing appliances. We give values for flow, temperature and total volume distribution. The total consumption column

describes Swiss averages.

Appliance Single Event Characteristics Total Consumption[38]
Flow Temperature Total Volume [L/event] Reference Volume
[L/s] rci [L/cap day]
Shower N(0.183, 0.042) N(36.0, 4.09) N(43.9, 33.7) [39] 37
Kitchen sink 0.08 35 1.2 [41] 21
Bathroom sink 0.04 35 1.6 [41] 15
Washing machine 0.17 37 10.2 [41] 18
Dishwasher 0.08 (Wash) 655,045 4.8 [41,44] 3
0.06 (Cold rinse) 3.6
0.07 (Hot rinse) 4.2

As a consequence of not simulating the heat emission system directly,
the SH loads follow ambient conditions, hence not capturing the full
dynamics of the building heating demand. However, the addition of a SH
buffer tank in the system mitigates this effect by simulating the thermal
mass of the heat distribution system. Because the heat recovery system
interacts only with the DHW system, the simulated dynamics of heat
demand for SH are sufficient for a good estimation of the heat recovery
performance.

Based on the climate and building archetypes — i.e. SH loads and
heating curve —, we sized the SH system by parametrizing the heat pump
model (i.e. nominal compressor power, nominal COP) and selecting a SH
buffer tank size with enough thermal capacitance to mimic the building
thermal capacitance, which we do not simulate directly. We give the full
details of the heat pump parametrization in Appendix C.

Greywater

!

GW Tank

Ambient | HP L,
Air HEX Evaporator

,

Wastewater

a) Open-loop configuration

2.4. Domestic hot water system

We modeled the DHW system using the Modelica WaterHub Library
[29]. The library contains models for appliances, water pipes and
interface models for compatibility with the Modelica Buildings Library
[31]. Fig. 3 shows the DHW system model. The DHW system reflects
greywater-producing appliances found in typical Swiss SFHs: a shower,
a kitchen tap, a bathroom tap, a washing machine and a dishwasher.
Details of the parametrization of the DHW system are given in the
supplementary material in Table S1.

Switzerland’s water demand is on average 142 L per person per day,
of which 42 L is for toilet flushing and 37 L for showering [38]. To
simulate the water consumption of each appliance producing greywater,
we performed Poisson processes on appliance-resolved consumption
curves and event profiles provided in the literature, which we scaled to
Swiss averages (see Table 2) [39-44]. Although the consumption

Greywater
HP
GW Tank
Evaporator
Wastewater

b) Closed-loop configuration

Fig. 4. Open- vs. closed-loop heat pump configurations for greywater (GW) heat recovery: a) in the open-loop configuration, the greywater is used to preheat the
heat source flow — here ambient air — with a heat exchanger (HEX) before entering the heat pump evaporator. The flow leaving the evaporator is not fed back into the
system. b) In a closed-loop system, the greywater is used directly as a heat source and the return flow is fed back into the greywater tank. Details of open- and closed-

loop implementations are shown in Fig. 1 and Fig. 10 (Appendix D), respectively.
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Fig. 5. Simulation output example of the open-loop heat recovery system for two consecutive days in winter (a), fall/spring (b) and summer (c), for the scenario
(Geneva - B1 — Low DHW). The curves show the stochastic DHW heat demand and the related heat recovery power during heat pump operation periods. Spikes in
heat recovery power appear after large DHW events — for instance showers. Heat recovery power is decaying fast (1-2 h), as the temperature in the greywater

tank decreases.

schedules found in the literature describe UK households, we expect the
water consumption habits of Swiss and UK inhabitants to be similar.

In order to evaluate the effect of water consumption loads on the heat
recovery system, we considered two household compositions. Swiss
SFHs are, on average, inhabited by 2.6 people [34]. The first “low
consumption” household composition thus included two adults and one
child (consuming 60 % of an adult’s water consumption). A second
“high consumption” composition simulated the water consumption of
five adults (i.e. roughly twice the low water consumption).

2.5. Simulations

In total, three climates (Geneva, Rome and Helsinki), two buildings
(B1 and B2), and two domestic hot water loads (“high” and “low”)
formed a scenario tree with twelve distinct scenarios. In this main
simulation round, we simulated three weeks for each scenario: a winter
week (coldest of the year), a summer week (warmest of the year) and a
fall/spring week (median week). One simulation week consisted of eight
consecutive simulation days, allowing the system to reach a steady state
during the first day before logging simulation results for the following
seven days. Time resolution was set to 10 s, a fair compromise to account
for short water consumption events while not surrendering computa-
tional efficiency. We replicated each simulation 20 times (140 days) to
account for the stochastic nature of domestic hot water consumption.

From the raw simulation outputs, we computed the weekly average
COP of the heat pump during DHW, SH, and total (DHW and SH)

operation. We then compared systems supported by greywater heat re-
covery to their reference counterpart (i.e. systems operating without
heat recovery) and derived the respective COP increase and weekly
electricity savings.

2.6. System setup comparison

Following the main simulation round covering the 12 scenarios
described above, we performed additional simulations of a system under
various configurations (open/closed-loop) using (Geneva — B1 — Low
DHW) as a reference scenario. As visualized in Fig. 4, open-loop systems
refer to the pre-heating of an external heat source — here ambient air —
using greywater, while closed-loop systems use greywater as direct heat
source. Similar to the main simulation round, each configuration was
simulated for winter, fall/spring and summer weeks, and was simulated
20 times. The four configurations tested were (i) open-loop mixed mode,
(ii) open-loop DHW mode, (iii) open-loop SH mode and (iv) closed-loop
for DHW production only:

(i) Open-loop mixed mode: main simulation round as described in
Section 2.5; the heat recovery system supports the heat pump
during both DHW and SH operation.

(ii) Open-loop DHW mode: the heat recovery system supports the heat
pump only during DHW operation and not SH operation.

(iii) Open-loop SH mode: the heat recovery system supports the heat
pump only during SH operation and not DHW operation.
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Summary of COP values for (Geneva - B1 - Low DHW). In brackets: increase relative to the reference system (single air source heat pump - no heat recovery).

Geneva Operation Open-Loop Open-Loop Open-Loop Closed-Loop

Building 1 Mixed Mode DHW Mode SH Mode -+ air-source HP for SH

Low DHW

Winter DHW + SH 3.81 (+2.3%) 3.81 (+2.3%) 3.81 (+2.1%) 3.89 (+4.4%)
DHW 2.75 (+4.9%) 2.89 (+10.1%) 2.62 (4+0.0%) 3.31 (+26.4%)
SH 4.12 (+1.5%) 4.06 (40.1%) 4.17 (+2.7%) 4.06 (+0.0%)

Fall/Spring DHW + SH 4.25 (+4.7%) 4.27 (+4.4%) 4.25 (+4.1%) 4.37 (+6.8%)
DHW 3.20 (+6.5%) 3.29 (+9.5%) 3.01 (+0.0%) 3.59 (+19.0%)
SH 5.26 (+3.2%) 5.10 (+-0.0%) 5.52 (+8.2%) 5.10 (+0.0%)

Summer DHW 3.95 (+6.4%) 3.96 (+6.5%) 3.67 (+0.0%) 3.97 (+7.3%)

(no SH)

(iv) Closed-loop (DHW only): similar to Meggers and Leibundgut [25],
a closed loop of water thermally connects the greywater tank
with the heat pump evaporator for the production of DHW only. A
schematic of the system is provided in Appendix D. (Fig. 10).
Here, an additional air-source heat pump provides SH loads.

Similarly to the main simulation round, we computed the weekly
average COP of each configuration during DHW, SH, and total (DHW
and SH) operation. We compared these values to the reference system, i.
e. the conventional air-source heat pump, as well as with COP values
from the various setup configurations tested in the literature. For the
closed-loop case, we computed the average COP for total operation
(DHW + SH) assuming that the relative weight given to each operation
was identical to the open-loop mixed mode setup.

3. Results

Fig. 5 shows an example of a simulation output of heat recovery
dynamics for the scenario (Geneva — Bl — Low DHW) during two
consecutive days in winter, fall/spring and summer. In this example, the
heat pump is turned on roughly 65 % of the time in winter for the
production of SH and DHW, 20 % in fall/spring and only 5 % in summer
(no SH loads). After long periods where the heat pump is not in use or
after energy-intensive DHW events (for instance morning showers), heat
recovery is at its maximum with the greywater tank charged with hot,
freshly produced greywater. When the heat pump is then switched on,
heat recovery power rapidly decays to zero — typically within one or two
hours — as the temperature in the greywater tank falls below that of
ambient air and the heat recovery system becomes inoperative.

3.1. Open-loop system performance

We show COP improvements and weekly electricity savings for the
twelve scenarios of the main simulation round (open-loop configura-
tion) in Fig. 6. COP improvements range from 0.6 % (Helsinki — B2 — Low

Table 4
Literature comparison.

DHW - winter) to 7.5 % (Rome — B1 — High DHW — summer). The sce-
nario average improvement is 4.1 %. Net weekly electricity savings
average 1.8 kWh/week over all scenarios, with a maximum of 6.3 kWh/
week (Helsinki — B2 — High DHW - winter) and a minimum of 0.4 kWh/
week (Rome — Bl — Low DHW — summer).

The heat recovered in the system is not shared equally for the support
of DHW and SH operation. On average, across all scenarios, 69 % of the
recovered heat supports DHW operation (31 % for SH operation),
leading to an overall COP improvement of 5.5 % for DHW operation and
2.0 % for SH operation. In winter, however, the system uses recovered
heat more equally for the support of the heat pump: 47 % is used for
DHW and 53 % for SH operation.

Fig. 7 shows factor-resolved distributions of the results, confirming
performance patterns already visible in Fig. 6: on average, we report
better COP improvements in warmer conditions (summer or Rome,
respectively 6.0 % and 5.0 %) and better performing buildings (B1 — 4.9
%), as well as higher DHW loads (high DHW - 4.6 %). In contrast,
simulations of colder climates (winter or Helsinki, respectively 2.3 %
and 3.2 %) or worse performing buildings (B2 - 3.4 %), as well as lower
DHW loads (low DHW - 3.7 %) yield lower COP improvements but
generally higher absolute electricity savings, above the 2 kWh/week
mark.

An analysis of variance confirms the prominent role of the season: 54
% of the COP improvement variance is explained by the seasonal factor
(p < 0.05), the other factors having significant but less determinative
roles (14 %, 13 % and 5 % of the variance explained by the factor
building, climate, and DHW, respectively, with p < 0.05). The analysis
of electricity savings provides similar insights — the seasonal factor
explaining most of the results’ variance (51 %) — with the notable dif-
ference that the building factor becomes insignificant (p greater than
0.05).

3.2. System setup comparison

In an attempt to reconcile the results with the literature values and to

Study Setup Configuration Key Findings
[21] Closed-loop greywater heat recovery for DHW production in a hotel (50 °C) COP: 45-5.0
100% DHW load coverage
[25] Closed-loop greywater heat recovery for DHW production (55 °C) COP: 6.0-7.0
100% DHW load coverage
[26] Closed-loop greywater heat recovery with external air as auxiliary source for DHW, SH and cooling ~ COP: not communicated
17% — 57.9% source energy reduction compared to gas-fired
boiler
[28] Closed-loop greywater heat recovery for DHW production (45 °C) with auxiliary gas boiler up to COP: 5.5
60 °C 48% DHW load coverage
[27] Closed-loop greywater heat recovery with air-source heat pump for DHW and SH COP: 3.72
12% COP increase compared to air-source heat pump
This Open-loop greywater heat recovery with air-source heat pump for DHW and SH COP: 2.48 - 4.55

study

0.6% — 7.5% COP increase compared to air-source heat pump
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b) Closed-loop system
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Fig. 8. A close-up view of system dynamics for (a) an open-loop system and (b) a closed-loop system in Geneva (Building 1 — Low DHW - winter). Light blue shaded
areas represent DHW operation and orange SH operation (only for the open-loop system). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 5

Summary of key values for the determining of heating curves in Geneva, for the

two buildings B1 and B2.

TR [eC]  QuMRIkW] gyt Wm 2] fdmlg,.[Wm' o
K™

Building ~ -2.9 3.33 23.60 5.62 1.233
1
Building 5.32 37.73 5.0062 1.618
2
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investigate the influence of system setup on the heat recovery perfor-
mance, we simulated scenarios (Geneva — B1 — Low DHW) in various
system configurations: (i) open-loop mixed mode (as presented in Sec-
tion 3.1), (ii) open-loop DHW mode, (iii) open-loop SH mode, and (iv)
closed-loop for DHW operation, complemented with an air-source heat
pump for space heating. We report average COP values in Table 3. Re-
sults from DHW operation show that the closed-loop configuration
clearly outperforms open-loop configurations with the exception of the
summer period, for which we report similar COP values (3.95 - 3.97,
leaving out the “SH mode” configuration as heat recovery is
inoperative).

As we include SH operation in the comparison, results tend to be

35
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supply temperature SH [°C]

-10 -5 0 5 10
ambient temperature [°C]

(b)

15 20

Fig. 9. Scatter plot of filtered supply temperature data (blue) and linear trend (red) evaluated for Geneva, Switzerland: (a) Building 1 and (b) Building 2. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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more homogenous: the closed-loop configuration — complemented with
an air-source heat pump - shows for instance a COP of 3.89 in winter,
which is closer to COP values displayed by open-loop configurations
(3.81). The same is true for the fall/spring period (4.37 and roughly 4.25
for closed-loop and open-loop configurations, respectively).

4. Discussion
4.1. Open-loop system

The open-loop implementation for greywater heat recovery, as pre-
sented in Section 3.1 above, shows limited potential, with only 4.1 %
COP improvement and 1.8 kWh/week electricity savings over the range
of scenarios studied. The improvement is low because the achieved
temperature increase at the inflow of the evaporator is limited: the time-
averaged temperature is only 2.7 K higher than ambient air temperature
during heat pump operation. Compared to typical temperature lifts (e.g.,
roughly 30 K for SH in fall/spring, up to 70 K for DHW in winter) in the
air-source heat pump, the pre-heating step provides only a marginal
performance benefit.

Source- and temperature-limitation effects are at the core of the heat
recovery dynamics and explain the low potential of this technology. To
exemplify these effects, we look at two operation modes simulated for
scenario (Geneva — B1 — Low DHW), whose results are presented in
Table 3: (i) DHW mode, where the recovered heat supports only DHW
operation, and (ii) SH mode, where the recovered heat supports only SH
operation. (i) In DHW mode, enough heat is recovered from the grey-
water tank to provide a significant air temperature increase at the inflow
of the heat pump evaporator. During DHW operation, the average
temperature increase is 7.4 K in winter and 6.3 K in fall/spring, thus
substantially larger than the 2.7 K increase reported above in mixed
mode. However, temperature lifts during DHW operation are large:
roughly 65 K in winter and 55 K in fall/spring, reducing the effect of
larger air temperature increases on the heat pump COP. (ii) In SH mode,
temperature lifts are smaller, typically in the range of 20-35 K. How-
ever, the system is now strictly source-limited: SH loads are larger than
DHW loads by a factor 5 in winter and by a factor 2 in fall/spring.
Consequently, the average air temperature at the evaporator inflow only
increases by 1.3 K and 3.4 K, respectively, leading to low COP
improvements.

The balance between source- and temperature-limitation effects ex-
plains factor-resolved results in Fig. 7. Warmer conditions (climate or
season) and better buildings — with small SH loads — lower the magni-
tude of the source-limitation effects, thus increasing COP improvements.
Similarly, high DHW loads partly mitigate source-limitation effects and
COP improvement increases. In contrast, temperature-limitation effects
favor colder conditions (climate or season): more heat can be recovered
from the greywater tank in low ambient air temperatures, inducing
larger absolute electricity savings.

4.2. Literature comparison

Comparing open-loop system results with the existing literature is
not straightforward as it is uncommon for articles to report on the effi-
ciency gain of the wastewater heat recovery system compared to a heat
pump unsupported by heat recovery. Rather, comparisons with con-
ventional systems are presented (e.g., a gas-fired boiler in Ni et al. [26].
In addition, other (simulation) studies do not report on a wide range of
scenarios as we do here. It is thus difficult from these publications to
analyze the impact of individual factors, such as climate or building
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performance, and thereby hypothesize where and how the imple-
mentation of such heat recovery systems would be most sensible. Lastly,
fundamental differences in setup — open- vs closed-loop systems being
the most striking — and heterogeneous assumptions/boundary condi-
tions make the comparison more difficult. We attempt to analyze and
reconcile the results in the following paragraphs.

At first glance, the large discrepancies between results reported in
the sections above and some values found in the literature are striking.
We provide a summary of key findings from various studies in Table 4.
With our scenario-average COP of 3.69, our estimated COP is lower than
most reported values in the literature (most reported COPs ranging from
4.5 to 7.0), with the exception of Postrioti et al. [27].

Ni et al. [26] report 57.9 % energy savings compared to a conven-
tional gas furnace in Bellingham, WA, a climate very similar to Geneva
(temperate oceanic). If we were to compare our results for Geneva - B2
(average COP 3.79) to the same gas-fired system (efficiency 0.80, source
energy conversion factor 1.088), it would result in a 64.9 % energy
saving, assuming the same source energy conversion factor for elec-
tricity as for Bellingham (1.807). Taking potential minor climate vari-
ations into consideration, our results are thus in close agreement. We
note, though, that this comparison prevents distinguishing the benefit of
the heat recovery system relative to a standard air-source heat pump
installation as we can safely argue that the latter is responsible for most
of the reported energy savings when compared to a gas furnace.

The experimental system analyzed by Postrioti et al. [27] and our
scenario (Rome — Bl — fall/spring) have similar boundary conditions
(ambient temperatures and building type). Reported COP values in both
studies are thus in close accordance (3.67 versus 3.65, respectively),
although we compute slightly different COP improvements (12 % in
Postrioti et al. [27], 8.0 % in this study). This difference is likely to stem
from the heterogeneous DHW consumption data and other setup dif-
ferences such as heat pump characteristics.

Larger discrepancies arise when comparing our results with other
closed-loop systems. Baek et al. [21] report a COP range of 4.5 - 5.0,
while Seybold and Brunk [28] report a COP of 5.5, and Meggers and
Leibundgut [25] report COP values as high as 6.0 — 7.0. We claim that,
besides the differences in system topologies (open vs. closed-loop,
described below in Section 4.3), much of the difference stems from
different choices in boundary conditions and assumptions. First, these
studies focus only on the production of DHW, leaving SH aside. Second,
DHW is produced at lower temperatures (45 — 55 °C) compared to our
system where the supply temperature of the DHW tank is 66 °C and
temperature differences across heat exchangers are only partly consid-
ered. Lastly, our system considers dynamic processes inherent to DHW
consumption: first, heat losses from the piping layout in the DHW system
likely influence greywater temperatures and thus reduce overall effi-
ciency. Second, the stochastic DHW consumption drives recharge pat-
terns of the greywater tank as well as operation schedules of the heat
pump, which is likely to influence the overall system efficiency. When
using identical boundary conditions to compare a closed-loop system
and an open-loop system, as shown in Table 3, differences in COP values
are much smaller, showing the influence of boundary conditions and
other assumptions made as part of a given study.

4.3. Open- vs. closed-loop systems

Regardless of boundary conditions and other assumptions, the sys-
tem configuration plays a major role in the performance of the heat
recovery system. There are fundamental differences between the two
configurations, reflected in the performance data presented in Table 3.
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In an open-loop system, the ambient air stream is first preheated by the
greywater heat source. Then, in the heat pump evaporator, the fraction
of heat removed from the air stream depends on the constant design
temperature difference across the evaporator. Thus, when the temper-
ature increase in the preheater is larger than the design temperature
difference of the evaporator, the heat pump uses only a portion of the
recovered heat. As the unused heat is not fed back into the system, it is
lost to the environment and the greywater tank consequently quickly
cools down. On average, in mixed mode, 12 % of the recovered heat is
subsequently lost to the environment after the evaporator (range 5 —
25%). In DHW mode, though, the share of lost energy increases up to 40
% in winter, since the heat recovery system operates mostly for short
periods at high temperature.

It would be straightforward to optimize the control of the preheating
step to exactly match the temperature difference at the evaporator, thus
mitigating heat losses. In this case, the airflow temperature increase
would be reduced but could be sustained for a longer period. However,
we expect this optimized control to improve the system only marginally
due to the source-limitation in mixed and SH mode, combined with
generally smaller temperature increases.

A further feature of the open-loop configuration is the dependence of
the heat recovery power curve on the greywater temperature. As grey-
water gradually cools down, the temperature difference between grey-
water and ambient air, and with it the heat recovery power, decreases.
We observe clearly, in Fig. 8, the above-described behaviors of unused
recovery potential being lost and quickly decreasing discharge power.
The temperature curves show, for the first 15 minutes of heat pump
operation, high air temperatures at the entrance of the evaporator,
quickly decreasing to levels close to ambient. The heat recovery curve
shows a similar pattern.

In contrast to the open-loop behavior, the closed-loop configuration
feeds unexploited heat at the evaporator back into the system. The
evaporator and the greywater heat exchanger thus both operate at a
constant temperature difference leading to constant heat recovery
power. The greywater temperature gradually declines as the evaporator
removes heat from the water flow, but since there is no loss to the
environment, the discharge is more continuous and significantly slower.
The power curve in Fig. 8 shows continuous heat recovery power during
the entire DHW operation event of about 40 min, resulting in shorter
DHW operation periods compared to the open-loop configuration.

In addition, the temperature curves generally show higher values at
the evaporator inflow for the closed-loop setup. Indeed, a further dif-
ference between the two configurations relates to the climate-
dependence of the open-loop system. In this configuration, evaporator
temperatures result from the ambient temperature plus the temperature
increase achieved by heat recovery, making it very responsive to climate
variations. The highest heat recovery performance is achieved at high
ambient temperatures, when the temperature increase achieved in the
pre-heater better matches the temperature difference across the evapo-
rator and less of the heat potential added to the air stream is lost to the
environment. However, high ambient temperatures also increase the
heat pump performance: the relative performance increase during
warmer periods is thus smaller than during colder periods (Table 3).

In contrast, the closed-loop configuration is much less climate
dependent. During warmer periods, DHW loads decrease due to the
warmer city mains. DHW operation periods are thus shorter, increasing
the average COP.
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4.4. System integration

We selected the open-loop setup for its suitability as an easy and
inexpensive retrofitting option for existing air-source heat pump sys-
tems, as these are most common in Switzerland. The implementation of
such a greywater heat recovery system only requires a greywater tank
and an additional water/air heat exchanger to preheat the ambient air
stream before it enters the heat pump evaporator. However, our analysis
showed that performance improvements are moderate, and we can
argue that the greywater separation in an existing building is chal-
lenging and would thus be feasible only for deep retrofitting projects.
Such cases, though, require major adjustments of the building system,
potentially justifying the implementation of a closed-loop approach
instead.

The closed-loop configuration outperformed open-loop configura-
tions and led to a significant performance increase, especially in colder
climates. However, its integration is more challenging. This configura-
tion can be implemented in many different ways, as shown by Meggers
and Leibundgut [25], Ni et al. [26], Postrioti et al. [27], Seybold and
Brunk [28]. Meggers and Leibundgut [25], for instance, assess the per-
formance of a dedicated heat pump for DHW production. Consequently,
a separate heat pump for space heating would be required. We follow a
similar approach in our system setup comparison as we assume a
separate air-source heat pump for space heating (Table 3). Alternatively,
multi-source approaches as presented by Ni et al. [26] or Postrioti et al.
[27] can be operated with a single heat pump, serving both SH and
DHW.

Overall, we claim that there are cases where the implementation of
in-building active heat recovery is reasonable and may lead to a sig-
nificant performance increase. In locations where better heat sources
than ambient air — such as the ground - are exploitable, greywater heat
recovery is not beneficial. When used in combination with air-source
heat pumps and, even more, when hot water consumption is compara-
tively large, there are evident benefits to implementing greywater heat
recovery. Interestingly, this is not only true from an energy perspective
but also from a resource perspective: in-building greywater separation,
treatment and exploitation is being increasingly researched and imple-
mented around the world [45]. We anticipate that natural synergies will
emerge between decentralized greywater treatment and heat recovery
technologies since they may share some attributes, for instance the need
for a greywater storage tank. More generally, we note that in-building
heat recovery must be embedded carefully in the surrounding energy
system. Future research should aim at integrating the technologies dis-
cussed in this study optimally with existing neighborhood- or urban-
level technologies, for instance in the context of low-exergy design
principles [46] or else in the context of heat recovery at the urban-level
[14,15].

5. Conclusions

We tested an open-loop greywater heat recovery system — pre-
heating of the air stream for an air-source heat pump — over a wide
range of climates, buildings, domestic hot water loads, and seasons.
Although attractive due to system simplicity and the potential for the
retrofitting of existing buildings, the potential of this heat recovery
configuration is generally low (0.6 % to 7.5 % COP increase — 0.2 to 6
kWh/week electricity savings, depending on the conditions). Warmer
climates and better buildings induce larger coefficient of performance
improvements. Colder climates and increased domestic hot water con-
sumption induce larger overall electricity savings.
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.apenergy.2021.117677. The source code and raw data can be
found online at https://doi.org/10.25678/00042K.

Appendix B. Heating curve

To determine the supply temperature as a function of ambient air temperature, i.e. the heating curve of the building, we adopted a methodology
proposed by Rhee et al. [37]. Assuming the building represents a single thermal zone without internal partitions, the supply temperature for the space
heating depending on ambient air temperatures can be expressed as

ay; (UiA[ + Va[r)

m,,cC,,

a Qsh (Tamb[em) (1)

(Tmnm - Tumhient) = Trmmz + 5
my,Cy,

Tsupp/y = Troom +

where UjA; +Vy;, is estimated from the simulated hourly space heating demand divided by the temperature difference Tyoom —Tampiens and o is a
coefficient representing the geometry and thermal property of the radiant floor, which we calculate as

m; -1
a:(lfexp<7%)) . 2
wp.w

Here, Arrepresents the floor area, B a heat exchange coefficient, and the power product is specific to the floor heating installation (including pipe
diameter, spacing, floor covering, etc.). m,, represents the mass flow and ¢, ,, the specific heat of the water circulating in the floor heating.
In order to calculate o, we followed the following procedure:

e We compute Tgyf ave Using the basic equation g = 8.91*(Tsurf’ave-Tmom)l'l according to DIN EN 1264-2 [47]. Here, Tsyfave is set to meet the design
heat load, assuming a design room temperature of 20 °C.

e The design heat load Qg is evaluated by calculating the space heating load for a specified external design temperature Tg;;gn We selected Tgéglgn
based on the climate data/weather file to be the temperature that is below 99 % of recorded ambient temperatures. It thus excludes the extreme 1%
of ambient temperatures.

e We assume plaster/screed integrated floor heating, with a 0.04 m layer and a thermal conductivity of 1.2 W m™’K~! above the heating tubes, with
wooden floor covering of 0.015 m and a thermal conductivity of 0.15 W m™ K ! to calculate average water temperature expressed as the arithmetic
average of (Tsupply + Treturn)/2. Using a design temperature difference of 7 K, we calculate the design mass flux and Tsyp and T and the logarithmic

Tsuppty — Treturn

e Using the design heat flux in the heat flux equation

mean temperature difference AT, =
q=B[[(@")AT, = kAT, ©)

we are able to determine the total heat transfer coefficient K. With K and mass flow determined, we finally calculate o using Equation (2).
We calculate K based on data available for the climate of Geneva. Values calculated with the above- described methodology vary slightly for the
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two buildings as shown in Table 5.

When ordering space heating loads by ambient temperatures for selected building cases, separate clusters of space heating loads can be detected,
mainly due to the influence of solar radiation and respective solar gains. In order to deduce unique heating curves, we filter the data to pick only values
above the fourth quartile. With a bin size of 17 applied on the 8750 original data points, 980 and 1420 points remained for Building 1 and Building 2,
respectively. Using the filtered data, we then estimate the heating curves, as shown in Fig. 9 together with the linear trends obtained.

Appendix C. Parametrization of SH system

The heat pump model required the definition of a nominal COP and nominal compressor power as sizing parameters. We defined the nominal COP

as
T(‘ondenser
— ominal
COPramiat = e sy @
where 7 is set to 0.5 and Tgonaes¢"is given from the heating curve applied to the design temperature T, i.e. the lowest 1 % temperature of the
selected climate (Geneva: —2.9 °C, Helsinki: —16.4 °C, Rome: 1.0 °C). Additionally, To 9" reads
T:;;Z;I{:;{;mr _ T(‘;é;ign _ ATevaporator _ Ahex (5)

With the temperature difference at the evaporator AT®®" — 5 K and the temperature difference across the heat exchanger AT"™ = 3 K. Finally,
the compressor power P°™ reads

Qdes[gn
peomp — _Xcesign 6
COP ominai ©
Beside the parametrization of the heat pump model, we sized the SH buffer tank to mimic the thermal capacitance of the building, as the SH load is
directly connected to the tank. Based on the assumptions that the typical required time to recharge the DHW tank At""% is three hours and that the SH
buffer tank temperature T was not allowed to decrease by more than 10 K during this period under maximum load (Qgesign), the volume of the SH
buffer tank then reads:

VSH — Qdc:ignAtDHW

. 7
AT 7)

Appendix D. Closed-Loop configuration

See Fig. 10.

A

— Domestic Hot Water System

b 4

DHW
Tank

| we HP
i | Evaporator Condenser

v

GW Tank

s

H
E
X
Y

C City Water

Fig. 10. Schematic diagram of the closed-loop configuration for the production of domestic hot water (DHW) using greywater (GW) as direct heat source for the heat
pump (HP) evaporator. Contrary to the open-loop configuration — preheating ambient air — the unused heat at the evaporator is fed back into the system, hence the
name “closed-loop”.
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