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Abstract: A study on water/energy balances at the household scale is performed using Life Cycle
Assessment (LCA) to estimate Greenhouse Gas (GHG) emissions and impacts resulting from multiple
scenarios incorporating various options for: (i) component sizing, (ii) energy usage, and (iii) water
reuse. Sustainability indicators are evaluated to select feasible options, while reducing whole life cycle
GHG emissions. Water reuse schemes using rainwater are strongly dependent on rainfall availability
and require significant tank volumes. Schemes using only gray water are more compact but more
energy for treatment is needed before usage. Schemes obtained by combining both options perform
better in terms of reliability and sustainability.

Keywords: sustainability; water reuse; LCA; urban metabolism

1. Introduction

The United Nations increasingly focus their attention on water and its relationship
with energy and climate change [1,2]. Water uses are strictly related to energy use in the ur-
ban cycle for operational activities and are also for the needed infrastructures provision [3].
The European Union has made these goals its own and included them in the European
Commission Priorities as part of the European Green Deal [4] aimed at the achievement of
climate neutrality by 2050. The European territory is extremely urbanized, with approxi-
mately 75% of the population living in urban areas [5], while the impermeable surface is
above 2% of the total. It clearly emerges that in urban areas water is in itself a resource
to be used for various purposes but also a source of hydrological risk due to rainwater
runoff exacerbated by climate change and waterproofing of surfaces. Water-saving tech-
niques need a combination of water reuse and meteoric water harvesting, obtained also by
means of green roofs; nevertheless, all relevant technologies lead to an impact on all the
sustainability dimensions that can be extended to the infrastructural domain [6]. In recent
years, several solutions for water reuse [7] and rainfall harvesting [8,9] were investigated
in terms of their engineering performance. Since the implementation of these solutions, the
need for infrastructural adaptation has arisen, and hence some energy is used in: (i) the
building phase for materials, transport, etc. (construction), (ii) the service life for operation
(operation), while (iii) a part of the embedded energy can be recovered during the material
recycling phase (recycling). While Life Cycle Assessment (LCA) is one of the most used
tools to evaluate the environmental impacts of these solutions, in the last decades a class
of mass-balance-based models has been developed such as Aquacycle [10], UWOT [11],
UVQ [12], DMM [13] and WM2 [14]. These models mimic the metabolic metabolism in
order to evaluate water, chemicals and energy fluxes for a UWS or the entire city [15]. The
same metabolism approach can be applied at a more granular scale such as at the level of a
single building. The present work proposes a simplified yet general method, the Green-
Smart Technology Metabolic Model (GSTMM) in order to evaluate water savings, energy
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costs and infrastructural adaptations and components (tanks, pipes, filters, valves, etc.) in
terms of environmental impacts; water and energy balances are coupled with LCA in order
to estimate Greenhouse gas (GHG) emissions at the single household or building level. The
main objective is to propose an approach able to evaluate emissions and impacts to support
planning of water usage and demand management during the preliminary design phase in
order to identify suitable scenarios to be subjected to more reliable LCA analysis. Materials
and methods are illustrated in §2, selected indicators in §3; §4 describes the case study;
results are presented in §5 and discussed in §6, while §7 reports the conclusions.

2. Materials and Methods
2.1. The Green-Smart Technology Metabolic Model (GSTMM)

The Green-Smart Technology Metabolic Model (GSTMM) extends the concepts already
utilized by several authors [10,11,14], accounting for the peculiarities of Italian water sys-
tems. GSTMM focuses mainly on water demand management, water reuse and rainwater
harvesting to reduce water withdrawals from the environment. It considers sub-daily
variability of water demand inside/outside the household at the level of water appli-
ances [16] and its direct relation with recycled water from both previous usages (SW, WM,
BT, see Table 1 for abbreviations) and rainwater from roofs and/or green roofs used for
non-potable usages (WC, OT, GR). The model is driven by water demand at each appliance,
and evaluates material fluxes and performance indicators related to water, chemicals, and
energy. It can use time series of measured water consumption and/or synthetic data from
stochastic models as described in [17]. The outputs are performance indicators, time series
of the calculated fluxes at multiple time and space aggregation levels, and the impacts on
environment and natural resources. To describe water fluxes in a real building including
several households, the presence of some essential functional elements is needed (Figure 1):
(i) water demanding devices (S1, S2, Si), each representing a particular type of water use;
(ii) a roof and/or green roof GR; (iii) a gray water tank GW and/or a meteoric water tank
MW; (iv) filters/treatment devices/pumps (F/T/P). Finally, at least one water source S
withdrawing water from the distribution system (externally modeled) and one water outlet
O discharging water into the sewer system (externally modeled) are needed. Sources
and outlets may be shared among several buildings, while GW, MW, and GR are shared
among households belonging to the same building block. With respect to previous models,
GSTMM considers all fluxes based on water origin (freshwater, gray, and rainwater). Water
fluxes are evaluated using the mass conservation equation: pipes have no storage capacity;
other components have storage capacity, such as water tanks; sources act as reservoirs,
outlets act as sinks, and appliances act as nodes. The water balance can be computed also
for households, buildings, building blocks and areas. More in detail, the starting point
is the generic water appliance Si where the time series of water demand is known with
given time discretization. With reference to the scheme in Figure 2a and at the time step t,
the water balance for the MW is written as reported in [18]. A similar equation is adopted
for the GW that is fed with water incoming from selected end-uses. It is assumed that
while end-uses fed with fresh water can be used to feed GW, end-uses fed with recycled
water cannot deliver water into GW. The relevant settings of the water end-uses are listed
in Table 1. Each water appliance (Si) is associated to: (i) end-use type; (ii) a time series of
water demand; (iii) a water type, fresh, meteoric or gray; (iv) a given fate for used water
(reuse or sewer). Outputs from the model include time series for different types of water
used to satisfy water demand, and energy and chemicals utilized.
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Figure 1. Schematic representing a building in the GSTMM model. Symbols are defined within the 
Figure. 

 

(a) (b) 

Figure 2. Functional diagram for the mass balance equation in the GSTMM model: (a) Meteoric 
Water tank (MW); (b) Gray Water tank (GW). 

Table 1. Settings of the end-uses (EL = elevation above floor, PF = pressure required, PR = 
Preferential water type to be used, TU = average water temperature, HW = water volume served at 
temperature TU, RES = water volume available to reuse or sewer, REC = water volume available to 
reuse). The end-uses are WC = Water Closet, DW = Dish Washer, SW = Shower, BT = Bathroom 
Tap, BA = Bath Tub, WM = Washing Machine, KT = Kitchen Tap, OT = Outdoor Tap, GR = Garden. 

End-Use El m PF m PR TU °C HW % RES % REC % 
WC 2.00 5.0 GW 8.0 0 100 0 
DW 1.00 5.0 FW 45.0 50 100 0 
SW 2.00 5.0 FW 45.0 70 100 100 
BT 1.25 5.0 FW 30.0 100 100 100 
BA 1.00 5.0 FW 38.0 60 100 100 

Figure 1. Schematic representing a building in the GSTMM model. Symbols are defined within the
Figure.
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Produced time series coupled with concentration of chemicals and national energetic
mix are used to calculate performance indicators (PIs). With reference to Table 1, when PR
is set to FW for a given end-use, then freshwater only can be used by this end-use; when
PR is set to MW then the priority usage sequence is: MW, GW, FW; when PR is set to GW
then the sequence is: GW, MW, FW.
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Table 1. Settings of the end-uses (EL = elevation above floor, PF = pressure required, PR = Preferential
water type to be used, TU = average water temperature, HW = water volume served at temperature
TU, RES = water volume available to reuse or sewer, REC = water volume available to reuse). The
end-uses are WC = Water Closet, DW = Dish Washer, SW = Shower, BT = Bathroom Tap, BA = Bath
Tub, WM = Washing Machine, KT = Kitchen Tap, OT = Outdoor Tap, GR = Garden.

End-Use El m PF m PR TU ◦C HW % RES % REC %

WC 2.00 5.0 GW 8.0 0 100 0
DW 1.00 5.0 FW 45.0 50 100 0
SW 2.00 5.0 FW 45.0 70 100 100
BT 1.25 5.0 FW 30.0 100 100 100
BA 1.00 5.0 FW 38.0 60 100 100

WM 1.25 5.0 FW 40.0 50 100 100
KT 1.25 5.0 FW 33.0 80 100 0
OT 1.00 5.0 GW 8.0 0 0 0
GR 1.00 5.0 GW 8.0 0 0 0

2.2. Life Cycle Analysis (LCA) within GSTMM

Water, energy and fluxes of substances obtained in GSTMM can be used as input for
LCA. The approach is simplified and aims at calculating emissions and impacts related to
substances, energy and materials (components) necessary to implement the water reuse
scheme, on the existing freshwater one, that may contain both meteoric and/or gray water.
The system may be the single housing unit, a building complex, or an urban area. GSTMM
calculates the total impact, for each impact category, by summing the product of the unitary
LCA impact of a given component times the total quantity of such component. Therefore,
specific LCA analysis needs to be carried out for all the component units (e.g., kWh of
energy, kg of each substance and building material) each assumed to be a functional unit
in LCA terms. Since the main sources of GHG emissions and impacts for a water system
are related to the energy component in the operational phase [19], the impacts of a unit
water volume can be attributed to water treatment and pumping [20]. A similar hypothesis
is made for wastewater, where impacts can be estimated from total energy consumption
for pumping and treatment before release into the environment. Therefore, to obtain total
GHC emissions, GSTMM sums GHG emissions for all the components and for the whole
energy amount as in [13] and does the same for all other impact categories. Moreover, the
unit specific energy for 1 L of incoming water at the source point (S) (Figure 1) must be
specified; the same for the specific energy for 1 L of wastewater leaving the area at the outlet
(O). Therefore, the source S and the outlet O define the boundaries of the analysis. These
simplifications are considered acceptable to use GSTMM as a tool for scenario evaluation,
given the aim of providing the decision-maker with a relatively simple planning tool; then,
in-depth analysis can be conducted on a selection of suitable scenarios. The environmental
impact of energy derives from a study carried on by the Italian Electricity production
system [21] in 2017. For each category, the impact along the entire life cycle from cradle
to grave of the electricity mix is reported, referred to the functional unit 1kWh of GNC
(Gross National Consumption): Climate Change (kg CO2 eq) = 4.17 × 10−1; Mineral, fossil
& renewable resource depletion (kg Sb eq) = 3.18 × 10−6.

2.3. Generation of Time Series of End-Use Water Demand

Water demand for all end-uses is modeled by a sequence of elementary rectangular
pulses [16,17] whose arrival time is generated via a Non-Homogeneous Poisson Process
(NHPP), while pulses duration and pulses intensity are simulated each with a Probability
Distribution Function (PDF) that can be identified and calibrated by means of field data.
Finally, the time sequence of the water pulses is described via a NHPP whose intensity
function, related to the normalized consumption pattern, was obtained from the lineariza-
tion of the cumulative consumption daily pattern. The parameters of the end-use demand
models are adapted from [17]; they are reported in Table 2 for intensity (I) and duration (D)
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and each end-use in Table 1 except GR. One-year length time series are generated for all the
end-uses with a 300 s time step. The required flow rate GR for garden irrigation depends on
the season, temperature and meteorological events. GR varies yearly as follows: 0.019 l/s
from 1 April to 30 April; 0.013 l/s from 1 May to 31 May; 0.040 l/s from 1 June to 30 June;
0.057 l/s from 1 July to 31 July; 0.058 l/s from 1 August to 31 August and 0.020 l/s from
September to 30 September; GR always starts at 0:00 AM and ends at 6:00 AM every 3 days.

Table 2. Probability distribution functions (DE = deterministic, LN = lognormal, U = uniform) and
statistical parameters (mean µ, standard deviation σ) for water end-use intensity (I) and duration (D).

End-Use PDF-I µ σ PDF-D µ σ

WC DE 0.042 - DE 144.000 -
DW U 0.140 0.194 DE 84.000 -
SW U 0.120 0.164 LN 6.234 0.031
BT U 0.020 0.064 LN 3.673 0.179
BA U 0.080 0.320 DE 600.000 -

WM U 0.140 0.194 DE 300.000 -
KT U 0.070 0.096 LN 2.734 0.280
OT U 0.080 0.120 LN 5.702 0.066

3. Selected Indicators for the Water System Performance

Different performance indicators (PIs) are individuated to assess the performance of
meteoric water harvesting or gray water systems. The main ones among them are the
tank volumetric reliability and the retention efficiency [18,22]. Given its high granularity,
GSTMM allows the definition of a multitude of performance indicators at different scales,
from the urban area to the single water usage. We show among those available only FW2D,
GW2D and MW2D, related respectively to fresh, gray and meteoric water, which give a
clear picture of how the water consumption is distributed among the three sources:

FW2D = ∑365
1 f wi

∑365
1 Di

, GW2D = ∑365
1 gwi

∑365
1 Di

, MW2D = ∑365
1 mwi

∑365
1 Di

, (1)

where fwi, gwi and mwi are the fresh, gray and meteoric utilized water volumes in the i-th
day of the year, and Di is the total daily water demand; the sum of the three synthetic
indicators is equal to 1 unless water demand exceeds water availability. To show how much
gray and meteoric water is used with respect to the potential water reuse demand and to
the potential availability of gray and meteoric water, we propose the following indicators

E = ∑365
1 gwi+mwi

∑365
1 Dreu

i
, Og =

∑365
1 Ogw

i
∑365

1 gwavl
i

, Om =
∑365

1 Omw
i

∑365
1 mwavl

i
, (2)

where Dreu is the potential demand for gray or meteoric water in the i-th day; Ogw
i and

Omw
i are the gray and meteoric water overflows from the tanks in the i-th day, gwavl

i and
mwavl

i are gray and meteoric water produced in the i-th day respectively; E is the efficiency
of the water reuse/harvesting system, while Og and Om give a picture of how much usable
water remains unused. Noteworthy, the Oi are delivered to the treatment plant (WWTP).
Two LCA impact categories are considered here: Climate Change and Mineral and Fossil &
Renewable Resource Depletion in relation with energy consumption associated with water
usage (see Section 2.3). To compare scenarios, energy variations are shown in Table 4 as
percentage variations (∆e) with respect to the BAU (Business as Usual) scenario.

4. Case Study

We analyze a simplified system consisting of one building with a single household
located on the first floor with the following end-uses: WC, DW, SW, BT, BA, WM, KT, OT,
plus a garden GR having a 30 m2 surface. The total generated water demand, using the
demand generator described in §2.4, is equal to 106.48 and 44.89 m3/year for in-house
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and garden consumption, respectively. Such water demand is typical for a four-person
household in Italy. The building roof has a surface of 50 m2; a rainfall time series collected
in 2014 is used, with a rain height of 893 mm. The roof acts as an impermeable surface
and hydrological losses are considered. The scenarios in Table 3 are evaluated using these
data and those listed in Table 1. With reference to Figure 1, water arrives at the source at a
given pressure (30 m) and with a given content of energy (5.37 kJ/l) spent to produce water
and deliver it to the source. In addition, water leaving the system and entering the sewer
needs some energy (2.07 kJ/l) to be treated before its release to the next use (environment
or agriculture). Finally, the specific energy spent to locally treat gray and meteoric water is
quantified as 4.75 and 2.38 kJ/l, respectively.

Table 3. Simulated scenarios (scn) having different combinations of GW and MW volumes [m3].

scn GW MW scn GW MW scn GW MW

R050-000 0.050 0.0 R000-100 0.0 0.100 R050-100 0.050 0.100
R075-000 0.075 0.0 R000-250 0.0 0.250 R075-250 0.075 0.250
R100-000 0.100 0.0 R000-500 0.0 0.500 R100-500 0.100 0.500
R125-000 0.125 0.0 R000-750 0.0 0.750 R125-750 0.125 0.750
R150-000 0.150 0.0 R000-1000 0.0 1.000 R150-1000 0.150 1.000

5. Results

Relevant results for the simulations at building level are presented in Table 4. The val-
ues of the PIs show that the adoption of water reuse/harvesting reduces water consumption
for all non-potable water usages (WC, OT, GR).

Table 4. Performance indicators calculated for the selected scenarios (scn); all quantities defined
earlier except for SWR2D = fraction of water delivered to sewer with respect to the water demand.

Scn FW2D GW2D MW2D E Ow Om SWR2D ∆e[%]

BAU 1.000 0.000 0.000 0.000 0.000 1.000 0.679 0.00
R050-000 0.828 0.172 0.000 0.364 0.554 1.000 0.505 −0.71
R075-000 0.812 0.188 0.000 0.398 0.513 1.000 0.489 −0.77
R100-000 0.801 0.199 0.000 0.421 0.485 1.000 0.478 −0.81
R125-000 0.792 0.208 0.000 0.442 0.460 1.000 0.469 −0.85
R150-000 0.783 0.217 0.000 0.460 0.438 1.000 0.460 −0.89
R000-100 0.937 0.000 0.063 0.134 0.000 0.787 0.679 −0.30
R000-250 0.901 0.000 0.099 0.210 0.000 0.667 0.679 −0.47
R000-500 0.863 0.000 0.137 0.290 0.000 0.537 0.679 −0.64
R000-750 0.838 0.000 0.162 0.343 0.000 0.451 0.679 −0.76
R000-1000 0.817 0.000 0.183 0.389 0.000 0.379 0.679 −0.86
R050-100 0.799 0.172 0.030 0.427 0.554 0.900 0.505 −0.84
R075-250 0.766 0.188 0.046 0.496 0.513 0.840 0.489 −0.97
R100-500 0.732 0.199 0.069 0.568 0.485 0.756 0.478 −1.12
R125-750 0.703 0.208 0.089 0.630 0.460 0.684 0.469 −1.24
R150-1000 0.679 0.217 0.105 0.682 0.438 0.625 0.460 −1.34

6. Discussion

The micro-component model GSTMM allows appreciating how any scenario with
a gray and/or meteoric harvesting water tank leads to a reduction of the total volume
abstracted from the fresh water distribution network. Gray water tanks are fed directly from
the output of some water appliances (Table 1) with much more continuity than meteoric
harvesting tanks; hence gray water reuse system outperforms meteoric harvesting systems
when tanks have the same volume, as shown by FW2D in Table 4. Similar results are
obtained with a meteoric tank of volume one order greater than the gray tank (GW2D and
MW2D). A 50-L gray tank is sufficient to satisfy 36.4% of the total potential water reuse
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demand (E); this performance improves by increasing the gray tank size until the potential
gray water demand is completely satisfied or the full gray water availability is reached.
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The PI Ow reflects the available gray water lost due to tank size. The water inflow to
the sewer (SWR2D) measures the reduction of the water volume reaching the WWTP and
positively impacts the energy needed to treat water by reducing it. In fact, all scenarios
with SWRD2 < 1 imply a reduction in the energy consumption. The energy increase
needed to treat water at the tank level and to lift it, with sufficient head, to the water
appliance, is more than compensated by the decrease in energy usage to produce water
and to treat a lower volume at the WWTP. Noteworthy, the yearly energy consumption for
water production, heating and purification decreases for all scenarios with respect to BAU
(2659.17 kWh/year); the same trend is obtained when heating energy (2375.56 kWh/year)
is excluded from the analysis; the energy for the BAU (283.62 kWh/year) is reduced in
the most favorable scenario R150-1000 by approximately 12%. Since the LCA impact is
calculated on the energy consumption only, and given the assumptions in §2.3, the selected
LCA impacts are proportional to the energy consumption for each scenario (Figure 3). The
maximum yearly impacts are generated in the BAU scenario as Climate Change = 1108.87
kg CO2-eq; Mineral, fossil & renewable resource depletion = 8.46 × 10−3 kg Sb-eq. Finally, the
potential energy recovered from the effluent to the sewer and in the water recovery system
as heating energy (2375.56 kWh/year) is very relevant with respect the other components.

7. Conclusions

This paper presents a novel model, GSTMM, used to evaluate the effects of meteoric
water harvesting and/or gray water reuse. It can be used from a single household to
several buildings or urban areas and uses micro-component demand for each end-use in
the households. This granularity allows calculation of quantitative PIs at all levels and
clearly illustrates how water harvesting and/or gray water reuse affects fresh water usage,
fluxes to the WWTP and energy consumption to manage water reuse and the harvesting
system. In addition, the impact on the environment and on the natural resources can be
roughly estimated based on previous LCA of the energy and materials units performed
applying the urban metabolism concept. The model is applied to a hypothetical building
with a single household, whose parameters derive from literature and from the authors’
expertise on the Italian water sector. Results confirm that gray water reuse requires a lower
tank volume with respect to meteoric water harvesting, as production of gray water is quite
constant compared to irregular meteoric events. Systems combining gray water reuse and
meteoric water harvesting perform better than systems adopting a single solution. For a real
building, several combinations must be explored in order to find an optimal configuration
for the two tanks. Furthermore, the benefits in terms of quantitative performance must be
compared in terms of costs and total impacts; the latter are associated with the installation of
a recovery system and with modifications in the in-house water equipment. GSTMM can be
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profitably used in the planning phase as it can simultaneously run several scenarios in order
to identify suitable technical suitable to be further investigated with more sophisticated
and expensive tools.
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