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a b s t r a c t
Greywater recycling is viewed as a promising option to help bridge the enlarging gap between 
supply and demand in water stress areas. However, greywater recycling may negatively impact 
the strength and flow of the black water, which may complicate its treatment. In this paper, the 
impact of greywater recycling on the black water strength and flow have been investigated for three 
different wastewaters from Greece, Jordan and Oman, which exemplifies three different socioeco-
nomic cases. Seven scenarios have been investigated for the Greece case, while four scenarios have 
been investigated for each of the Jordan and the Oman cases. The number of scenarios for each 
case is mainly dependent on the number of possible independent combinations of all greywater 
streams that can be recycled. The results showed that the black water strength and flow are slightly 
impacted by greywater recycling for toilet flushing. However, when greywater is recycled for irri-
gation, the impact on the black water strength and flow varied considerably among the scenarios, 
in response to the wastewater and greywater characteristics; flow and concentration. Furthermore, 
significant differences have been observed among the three socioeconomic cases, considered in this 
paper, in terms of the black water characteristics, and greywater recycling options.
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1. Introduction

Greywater is defined as all the domestic wastewater 
streams excluding toilet wastewater [1–4], others exclude 
kitchen wastewater too [5,6]. Greywater recycling has 
emerged as a viable option to bridging the gap between 
supply and demand in water scarce countries, such as 
Jordan, and to conserving the environment in water abun-
dant countries, such as Australia and Germany [7]. To date, 
the majority of greywater research has focused on grey-
water quantification and characterization [1,8–11], and 
the impact assessment on water budget [12,13], the envi-
ronment, public health and assessment of associated risks 
and challenges [3,7,14–18], assessment of public awareness 
and acceptance [9,10,19–22], determination of treatment 
options for reuse [2,10,11,23–45], investigating its economic 
feasibility [46], and review papers [4,47,48].

As Jordan is under a high water stress [49], the inter-
est in greywater recycling, to help bridge part of the defi-
cit between supply and demand, intensified in the last 
three decades.  Similar to the worldwide trend, greywater 
research in Jordan has focused on quantification and inves-
tigating the impact on the water budget, characterization 
for the purpose of determining treatment options and suit-
ability for the intended use, in addition to assessment of 
the associated health and environmental risks [9,11,50–55].

Most of the greywater research conducted so far world-
wide and locally concluded that, greywater recycling is an 
option for reducing the gap between supply and demand, 
provided the associated health and environmental risks 
are properly addressed. However, little attention has been 
given to the impact of greywater recycling on the black 
water strength and flow. It is important to note that as 
greywater is recycled and separated from the wastewater, 
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and due to the fact that, greywater is higher in proportion 
than black water, and is usually less polluted [47,56,57], the 
strength of the resulted black water is expected to increase 
by several folds. Consequently, its treatment efficiency 
and treatment cost are expected to be negatively affected. 
To date, few studies have already pointed to the possible 
negative impacts of greywater recycling on the black water 
strength and flow. Penn et al. [13] investigated the impact 
of greywater recycling, on the black water quality and 
quantity, by simulating scenarios of greywater recycling 
for toilet flushing and garden irrigation, at the household 
level. They found that, greywater recycling reduced black 
water flow and increased its strength. Penn et al. [58] stud-
ied the impact of greywater recycling and water efficient 
toilets on municipal sewer systems, by modeling a repre-
sentative urban sewer system. They found that morning 
and evening peak wastewater flows have decreased, in 
addition to a reduction in velocity and proportional depth, 
in response to increasing the recycled greywater volume. 
Furthermore, the concentration of pollutants is projected 
to increase. In the context of analyzing the economic fea-
sibility of greywater recycling, Frielder and Hadari [46] 
considered more blockages in the sewer system, and higher 
concentration of pollutants, as disadvantages that lead to 
additional cost. However, the reduction of the supply as 
a consequence to greywater recycling, lead to cost reduc-
tion due to the less energy needed for water supply and 
treatment, less energy needed for water distribution, and 
smaller wastewater collection systems.

It is important to note that wastewater, and consequently 
greywater is not something standard, its quantity and 
quality vary considerably from community to community, 
based on each community socio-economic characteristics, 
they fluctuate over time too. Table 1 summarizes different 
greywater generation rates, in some reported studies, in dif-
ferent countries. This variation necessitates detailed analy-
sis of the impact of greywater recycling on the black water 
strength and flow, for each community, to avoid resulting 
in too concentrated black water that is both difficult and 
expensive to treat.

The scope of the two studies conducted so far on the 
impact of greywater recycling on the sewer system [58], 

and on the black water strength and flow [13], is limited 
to a small number of households within a single com-
munity. This paper thoroughly investigates the potential 
impact of greywater recycling on the black water strength 
and flow, taking into consideration the wastewater and 
the greywater strength and flow. This adds new variables 
to the greywater recycling for current practices and helps 
the decision maker to decide which greywater stream(s) 
to recycle, and by how much, so that the impact on the 
black water strength and flow is within acceptable lev-
els. Detailed analyses, for scenarios that consist of recy-
cling all possible combinations of the different greywater 
streams, have been conducted, for three socio-economically 
different countries, namely, Greece, Jordan and Oman. 
General guidelines for greywater recycling are concluded 
based on the results of the detailed analysis.

2. Methodology

The impact of greywater recycling, on the black water 
characteristics, has been investigated by conducting mass 
balance for the following parameters: five-day biochemical 
oxygen demand (BOD5), chemical oxygen demand (COD), 
total suspended solids (TSS), electrical conductivity (EC), 
total nitrogen (TN) and total phosphorus (TP). A general 
mass balance for wastewater constituents is given below:
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Eq. (1) applies when recycled greywater streams are 
separated from the wastewater stream, when used for 
irrigation, for example; Eq. (2) applies when recycled grey-
water streams are not separated from the wastewater stream, 

Table 1
Greywater generation rates at different countries in L/(c.d) 

Country Sink Shower Laundry Dish washer Greywaterf Toilet Outdoor TWUd

Greecea 11.3 37.5 19.2 0.6 68.6 37.3 0c 135.6
Jordanb 27.6 20.9 10.1 NA 58.6 20.9c 4.9 84.4
Omane 9 83 13 NA 161 11 10 195
Israela 18 39.2 16.6 NA 73.8 37.7 0c 138.1
Holanda 4 47 27 1 79 39 9c 134
Indiaa 17 30 33 NA 80 25 18c 160
Australiaa 66 NA 47 NA 113 41 0c 201
USAa 88.2 NA 81.8 NA 170 101 80.9c 378.5
Denmarka 43 NA 17 NA 60 27 7c 119

aNoutsopoulos et al. [59]; bJamrah et al. [9]; cCalculated by author; dTWU, total water use; ePrathapar et al. [60]; fExcluding kitchen; 
NA, not available.
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when used for toilet flushing, where Cbw is the black water 
concentration, Qrww is the raw wastewater flow, Crww is the 
raw wastewater concentration, n is the number of recycled 
greywater streams, QGwi is the flow of greywater stream i, 
and CGwi is the concentration of greywater stream i.

Three cases of different socioeconomic and water use 
habits have been investigated, namely, Greece, Jordan and 
Oman. Published data of raw wastewater flow and char-
acteristics, and greywater flow and characteristics, have 
been used. For the Jordan case, greywater characteristics 
and flow data published in Jamrah et al. [9] have been 
used; wastewater characteristics for Jordan have been 
taken from the Ministry of Water and Irrigation articles. 
For the Greece case, greywater flow and characteristics 
published in Noutsopoulos et al. [59]; wastewater char-
acteristics published in Amanatidou et al. [61] have been 
used. For the Oman case, greywater flow and character-
istics published in Prathapar et al. [60]; wastewater flow 
and characteristics published in Al-Waheibi [62] have 
been used. Where, more than one greywater stream is 
recycled for a given scenario, the characteristics of the 
recycled greywater are calculated by assuming complete 
mixing of the different recycled greywater streams:

C
Q C

Q
m

i i
i

n

i
i

nGW

Gw Gw

Gw

=
×





















=

=

∑

∑
1

1

 (3)

where CGWm is the mixed concentration of the different 
recycled greywater streams; n is the number of recycled 
greywater streams; QGwi is the flow of greywater stream i; 
and CGwi is the concentration of greywater stream i.

3. Scenarios

3.1. The Greece case

For the Greece case, seven greywater recycling sce-
narios have been investigated. In all the scenarios, the 
shower greywater stream is recycled for toilet flushing, 
as the shower greywater and the toilet demand are equal 
(Table 1); all other greywater streams are recycled for 
irrigation. The seven scenarios consist of recycling the 
following greywater streams: the shower (SH) only, the 
shower and the dishwasher SH & DW, the shower and 
the sink SH & SK, the shower and the sink plus the dish-
washer SH & (SK + DW), the shower and the laundry SH 
& L, the shower and the sink plus the laundry SH & (SK 
+ L) and the shower and the sink plus the laundry plus 
the dishwasher SH & (SK + DW + L).  The shower only 
scenario represents the case of an apartment with no irri-
gation demand; the shower and the dishwater, the shower 
and the sink, and the shower and the sink plus the dish-
washer scenarios represent the case of an apartment with 
low irrigation demand; the remaining three scenarios rep-
resent the case of a house, where irrigation demand is rel-
atively significant. The impact of greywater recycling on 
the black water BOD5, COD, TSS, TN, TP and EC has been  
investigated for these scenarios.

3.2. The Jordan case

For the Jordan case, four scenarios of greywater recy-
cling have been investigated. In all the scenarios, greywa-
ter generated at the shower is recycled for toilet flushing, 
as the greywater generated at the shower and the toilet 
demand are equal (Table 1). Greywater streams generated 
at the sink and the laundry are recycled for irrigation. 
The four scenarios simulated for the Jordan case consist 
of recycling the following greywater streams: the shower 
(SH) only, the shower and the laundry SH & L, the shower 
and the sink SH & SK and the shower and the sink plus 
the laundry SH & (SK + L). Recycling of the shower grey-
water only represents the situation of an apartment where 
irrigation demand is zero; recycling of the shower and the 
laundry greywater streams represents the situation of an 
apartment where irrigation demand is low; recycling of 
the shower and the sink, and the shower and the sink plus 
the laundry greywater streams represents the situation of a 
house where irrigation demand is significant. The impact 
of greywater recycling on the black water BOD5, COD, TSS, 
TN, TP and EC has been investigated for these scenarios.

3.3. The Oman case

For the Oman case, four scenarios of greywater recy-
cling have been investigated which consist of recycling the 
following greywater streams: the laundry (L) only, the laun-
dry and the sink L & SK, the laundry and the shower L & 
SH and the laundry and the sink plus the shower L & (SK 
+ SH). In all the scenarios, the laundry greywater stream 
is recycled for toilet flushing, as the laundry greywater 
flow is close to the toilet demand (Table 1). The sink and 
the shower greywater streams are recycled for irrigation. 
The laundry scenario represents an apartment with zero 
irrigation demand; the laundry and the sink scenario rep-
resents an apartment with low irrigation demand; the other 
two scenarios that include the shower greywater stream 
represents a house where irrigation demand is significant. 
The impact of greywater recycling on the black water BOD5, 
COD and TSS has been investigated for these scenarios.

4. Results and discussion

4.1. The Greece case

Figs. 1–3 show that, the simulated scenarios for the 
Greece case can be divided into three groups based on their 
impact on the black water; the first group includes the SH 
and the SH & DW scenarios; the second group includes 
the SH & SK and the SH & (SK + DW) scenarios; the third 
group includes the SH & L, the SH & (SK + L) and the SH 
& (SK + DW + L) scenarios. For the first group scenarios, 
the increases in the black water BOD5, TSS and COD are 
low, in the neighborhood of 10%, which is attributed to the 
fact that, the tap water normally used for toilet flushing is 
replaced with low strength shower greywater. In addition, 
as the shower greywater has been recycled for toilet flush-
ing, no reduction in the black water flow took place [Eq. (2)]. 
For the SH & DW scenario, recycling of the dishwasher 
greywater alone, for use in irrigation, has not resulted in 
any negative impact on the black water characteristics, as 
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the DW flow is too small, which has not caused significant 
reduction in the black water flow (Table 1). The increases in 
the black water TN and EC for the first group scenarios are 
too low, which is attributed to the too low concentrations 
of these pollutants in the shower greywater. In addition, 
the dishwasher flow is too small (Table 1), which has not 
resulted in significantly reducing the black water flow.

The black water TP concentration showed no increase for 
the shower scenario, as the TP concentration in the shower 
greywater is equal to that of the raw wastewater (Fig. 3). 
The black water TP concentration showed a drop for the 
SH & DW scenario, due to the high TP concentration in the 
dishwater greywater, which comes from detergents (Fig. 3). 
The second group of scenarios, which is dominated by recy-
cling the sink greywater for irrigation, showed moderate 
increases in the black water BOD5, COD and TSS concentra-
tions, in the neighborhood of 15%. These moderate increases 
are due to the reduction in the black water flow [Eq. (1)]. 
The increases in the TN and EC of the black water for this 

group of scenarios are low, in the neighborhood of 10%. The 
SH & SK scenario showed little impact on the black water 
TP concentration due to the low TP concentration in the sink 
greywater. However, the SH & (SK + DW) scenario resulted 
in a slight reduction in the black water TP concentration, 
because the TP concentration in the (SK + DW) greywater 
stream is almost equal to that of the wastewater. In addition, 
the TP concentration in the SH greywater stream is too low 
as compared to that of the raw wastewater.

The third group of scenarios is dominated by the laun-
dry greywater stream, which is characterized by high 
BOD5 and COD, higher than that of the raw wastewater, 
which lead to too little increases/decreases in the BOD5 
and COD of the black water (Fig. 1), as high mass of these 
pollutants have been removed [Eq. (1)]. It is important 
to mention that, the high BOD5 and COD of the laundry 
greywater stream contradicts the philosophy behind grey-
water recycling, which is based on recycling low strength 
greywater streams, that can be treated by simple and easy 
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Fig. 1. Impact of greywater recycling on black water (a) BOD5 and (b) COD for the Greece case.
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technologies to operate at the household level. In this case, 
it is not technically feasible to recycle the laundry greywater 
stream despite its low impact on the black water character-
istics. Figs. 2 and 3 show that, the third group of scenarios 
has moderate impact on the TSS of the black water, in the 
vicinity of 20%, for the SH & (SK + L) and the SH & (SK 
+ DW + L) scenarios, and 14% for the SH and L scenario, 
and slightly high impact on the black water TN and EC for 
the SH & (SK + L) and SH & (SK + DW + L) scenarios, in 
the vicinity of 28%, and moderate impact for the DW and 
L scenario (16%). However, the impact of the third group 
scenarios on the TP of the black water is moderate, in the 
range of 12%, except for the SH & (SK + DW + L), which 
caused a little high impact on the TP concentration (23%), 
which can be attributed to recycling the DW greywater 
stream, which is rich in phosphorus from detergents.

4.2. The Jordan case

Figs. 4–6 show slight increases in the black water con-
centrations for all the simulated parameters, BOD5, COD, 

TSS, EC, TN and TP, for the shower scenario. The main 
reason behind these slight increases is that, the black water 
flow has not changed, as the shower greywater has been 
recycled for toilet flushing. In addition, the shower grey-
water stream, which is slightly polluted, has been recy-
cled for toilet flushing instead of using the clean tap water 
[Eq. (2)]. For the shower and the laundry scenario, Figs. 4–6 
show that the BOD5, COD, TSS and TN of the black water 
have shown moderate increases, in the range of 15%. These 
moderate increases are attributed to the reduction in the 
black water flow, as the laundry greywater stream has 
been separated from the wastewater for use in irrigation. 
Figs. 5 and 6 show significant decreases in the black water 
TP and EC for this scenario, which are attributed to the high 
TP and EC of the laundry greywater stream, higher than 
that of the wastewater, which resulted in removing high 
TP mass. From the wastewater, consequently, reducing the 
TP and the EC of the black water [Eq. (1)]. For the SH and  
SK scenario, the black water concentrations showed sig-
nificant increases for all the simulated parameters (BOD5, 
COD, TSS, TN, TP and EC), in the neighborhood of 50%. 
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These significant increases are attributed to separating 
the high flow sink greywater from the raw wastewater 
(Table 1), which lead to reducing the black water flow sig-
nificantly, consequently, increasing the concentrations of all 
the simulated parameters [Eq. (1)]. For the SH & (SK + L) 
scenario, the black water concentrations for BOD5, COD, 
TSS and TN have shown significant increase of 88%, 88%, 
71% and 87%, respectively. This is due to separating the 
high flow SH & (SK + L) (Table 1) from the raw wastewa-
ter for use in irrigation, which resulted in reducing the 
black water flow significantly, consequently, increasing the 
black water concentration for these parameters dramati-
cally [Eq. (1)]. The SH & SK and the SH & (SK + L) scenarios 

should be avoided, as they have resulted in increasing the 
black water concentration dramatically. One way to reduce 
the impact of recycling the sink and the laundry greywater 
streams on the black water strength is to recycle the sink 
and the laundry greywater streams partially. The level to 
which these streams can be recycled can be calculated by 
mass balance, so that specified black water concentrations 
at the inlet to the wastewater treatment plant are met. The 
EC and the TP concentrations of the black water, for the SH 
& (SK + L) scenario, showed significant decreases, which 
is attributed to the fact that, the TP concentration of the 
laundry greywater stream is higher than that of the raw  
wastewater.

 

 

0

10

20

30

40

50

0

10

20

30

40

50

60

SH SH
 &

 D
W

SH
 &

 SK

SH
 &

 (SK
 + D

W
)

SH
 &

 L

SH
 &

 (SK
 + L)

SH
 &

 (SK
 + D

W
 + L)

BW GW WW % change

TN
(m

g/l)

%
 TN

 change

Scenarios

-20

-10

0

10

20

30

40

50

0

20

40

60

80

100

120

140

160

180

200

SH SH
 &

 D
W

SH
 &

 SK

SH
 &

 (SK
 + 

D
W

)

SH
 &

 L

SH
 &

 (SK
 + 

L)

SH
 &

 (SK
 + 

D
W

 + L)

BW GW WW % change

%
 TP  change

TP (m
g/l)

Scenarios

(a)

(b)

Fig. 3. Impact of greywater recycling on black water (a) TN and (b) TP for the Greece case.



A. Al-Omari, Z. Al-Houri / Desalination and Water Treatment 218 (2021) 240–251246

4.3. The Oman case

Figs. 7 and 8 show that, recycling of the laundry 
greywater for toilet flushing showed little impact on the 
black water COD, BOD5 and TSS, as the concentrations of 
these pollutants in the laundry greywater stream are low. 
In addition, the laundry greywater stream is recycled for 
toilet flushing, which means that the black water flow has 
not changed. The laundry and the sink scenario showed lit-
tle impact on the black water BOD5, TSS and COD, which 
is mainly due to the relatively low flow of the sink grey-
water, which has not resulted in reducing the black water 
flow significantly. The laundry and the shower, and the 
laundry and the shower plus the sink scenarios, showed 
high impact on the BOD5 and the COD of the black water 
(60%–75%), which is attributed to the too high flow of the 

shower greywater stream (Table 1), which resulted in sig-
nificantly reducing the black water flow, consequently, 
increasing the concentrations of the BOD5 and the COD 
of the black water [Eq. (1)]. However, in such a case, the 
shower greywater can be recycled partially; the flow that 
can be recycled can be calculated by mass balance based 
on the maximum allowed concentrations at the inlet to the 
wastewater treatment plant. Figs. 7 and 8 show that, the 
impact of these two scenarios on the TSS of the black water 
is moderate, in the neighborhood of 20%, which is attributed 
to the relatively high concentration of the recycled grey-
water TSS, which lead to reducing the TSS of the black water.

Figs. 1–8 show that recycling certain greywater streams 
for toilet flushing resulted in little impact on the black water 
strength and flow, for the three investigated cases, which 
is mainly attributed to the fact that, no reduction in the 
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black water flow took place. However, when the recycled 
greywater streams are used for irrigation, the resulting black 
water concentration is functioning in a combination of the 
raw wastewater and the recycled greywater characteristics; 
flow and concentration, and their relative values.

Recycling of a low flow, low concentration greywa-
ter stream for irrigation slightly impacted the black water 
concentration. This is because the removed pollutant 
mass is small, which made small changes in the numera-
tor and denominator of Eq. (1), consequently, the change 
in the black water concentration became small. However, 
recycling of a low concentration and high flow greywater 
stream for irrigation has increased the black water con-
centration significantly. This is mainly due to the signifi-
cant reduction in the black water flow [Eq. (1)]. Due to the 
fact that, greywater flow is usually higher than irrigation 
demand, at the household level, the low strength, high 

flow greywater stream can be recycled partially. Recycling 
of high flow, high concentration greywater stream, may 
not impact the black water concentration negatively, it 
may rather result in reducing it, as high pollutant mass is 
removed; however, the high concentration of the greywa-
ter stream contradicts the philosophy behind greywater 
recycling.

The three cases presented in this paper showed consid-
erable variation in the greywater strength and flow among 
them, consequently different results for the scenarios con-
sidered have been obtained. This means that detailed anal-
ysis is a must before deciding which greywater stream(s) to 
recycle and to what extent to avoid bringing the black water 
concentrations to high levels that complicate its transport 
and treatment.

It is important too, to pay attention to the environmental 
costs and risks associated with the use of treated greywater 
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in irrigation, especially when practiced for a long time, such 
as degradation of soil quality and health impacts on humans. 
The detailed discussion of these long term impacts and 
risks is beyond the scope of this paper. However, the litera-
ture on the negative long term impacts and risks associated 
with using greywater in irrigation is extensive are given in 
[3,63,64]. To minimize these long term negative impacts, the 
standards/guidelines for greywater use in irrigation, which 
are country specific, must be met. A detailed summary of 
these standards/guidelines for different countries is given in 
Vuppaladadiyam et al. [4].

5. Conclusions

Greywater recycling has been promoted to help bridge 
the gap between supply and demand in water stress 
areas, and to protect the environment in water abundant 

countries. However, due to the fact that greywater strength 
and flow vary considerably from community to com-
munity, the decision of its recycling should be based on 
detailed analysis of the impact on the black water strength 
and flow. Based on the results of the scenarios simulated 
in this paper, recycling of the different greywater streams 
for toilet flushing is not expected to impact the black water 
strength significantly, because the black water flow has not 
changed. However, when greywater is recycled for irriga-
tion the following guidelines apply: low strength, low flow 
greywater streams can be recycled safely, as they will not 
result in significant reduction in the black water flow nor 
in the black water strength; recycling of high flow, low 
strength greywater streams, will result in increasing the 
black water strength significantly, due to the high reduction 
in the black water flow, and small removed pollutant mass; 
so high flow, low concentration greywater streams should 
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be recycled partially based on detailed mass balance, so 
that the black water concentration is not increased dramat-
ically. Recycling of high strength greywater stream(s) will 
result in reducing the black water strength, however, it is 
not recommended to do so as this practice contradicts the 
philosophy behind greywater recycling, which is based 
on recycling low strength greywater streams that can be 
treated at the household level with little effort, technical 
experience and acceptable cost.
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