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A B S T R A C T

Decentralised faecal sludge (FS) and food waste (FW) treatment systems like co-composting 
system offer more practical solutions for waste treatment and nutrient recovery in low- and 
middle-income countries, yet nutrient recovery and losses across this system remain poorly 
quantified.This study aimed to assess the flows, losses, and recovery efficiencies of nitrogen (N), 
phosphorus (P) & potassium (K) with the goal of recommending measures to minimize pollution 
to water bodies. Raw FS, FW, compost, and effluent samples were collected at each treatment 
stage over three treatment cycles from August 2021 – 2022 in Somanya, Ghana. A total of 108 
composite samples were collected and analysed for N,P & K using standard procedures. The N, P 
& K losses at each stage of the treatment system were calculated using the mass balance principle 
and the nutrient flow diagrams were created using the Sankey diagram generator. Results show 
that, 59–86 % N, 8–40 % P and 49–81 % K were lost at the dewatering stages for all cycles. Losses 
were lumped together as either gaseous losses, adsorption to media surfaces or percolate. The 
overall nutrient recovery efficiency of the system was 6–17 % N, 20–37 % P & 17–24 % K in co- 
compost and treated effluent. Despite high removal efficiencies in the facultative ponds, the final 
effluent did not meet EU standards. Effluent may become a resource in geographies that have 
scarce water and less stringent regulations. This study recommends strategies and approaches 
such as biochar use, percolate/leachate recirculation and covering of compost piles to reduce 
nutrient losses.

1. Introduction

Nutrients from wastewater treatment plants pose significant challenges to local environment and public health (Carey and 
Migliaccio, 2009). Wastes like faecal sludge (FS) and food waste (FW) contains useful nutrients and organic matter that can be 
recovered through treatment for fertiliser (Keraita et al., 2015) and other uses. FS contains approximately 50 % carbon (C), 4–5 % N, 
2–3 % P, & 2–3 % K dry weight (Onabanjo et al., 2016; Rose et al., 2015). However, in sub-Saharan Africa (SSA) most of these nutrients 
are not recovered due to poor sanitation and unsustainable waste management practices. Numerous attempts to implement con
ventional wastewater and FS treatment technologies such as rotating biological contactors and activated sludge systems have generally 

* Corresponding author.
E-mail address: r.sakrabani@cranfield.ac.uk (R. Sakrabani). 

Contents lists available at ScienceDirect

Environmental Technology & Innovation

journal homepage: www.elsevier.com/locate/eti

https://doi.org/10.1016/j.eti.2025.104740
Received 17 October 2025; Received in revised form 29 December 2025; Accepted 30 December 2025  

Environmental Technology & Innovation 41 (2026) 104740 

Available online 31 December 2025 
2352-1864/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-1271-7044
https://orcid.org/0000-0003-1271-7044
mailto:r.sakrabani@cranfield.ac.uk
www.sciencedirect.com/science/journal/23521864
https://www.elsevier.com/locate/eti
https://doi.org/10.1016/j.eti.2025.104740
https://doi.org/10.1016/j.eti.2025.104740
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eti.2025.104740&domain=pdf
http://creativecommons.org/licenses/by/4.0/


proven unsuitable for the SSA context. Key challenges were high installation costs, unreliable energy supply, and limited availability of 
local technical skills and human resources.

However, decentralised FS treatment systems coupled with FW offer more practical solutions, particularly in urban areas where 
centralised infrastructure are often not feasible (Nansubuga et al., 2016; Semiyaga et al., 2015). These decentralised systems focus 
more on treating waste and recovering valuable resources. Examples of such systems include co-composting, vermicomposting, biogas, 
conversion to animal feed, pyrolysis, and large-scale natural systems like stabilisation ponds and constructed wetlands (Semiyaga 
et al., 2015). If well suited to the local socio-economic and environmental context, they are often efficient and low-cost.

Despite these advantages, a major challenge persists. There is very little information on the recovery efficiency and long-term 
sustainability of these systems in developing countries (Strande et al., 2014, 2018). In particular, nutrient recovery efficiency and 
losses in decentralised systems are not well quantified. This lack of comprehensive data makes it difficult to assess the effectiveness of 
these systems in terms of resource recovery and environmental impact, occasioning the need for further research. Previous studies 
focused only on assessing single components of the FS and FW treatment system. For example Getahun et al. (2020); Gold et al. (2018); 
Stefanakis and Tsihrintzis (2011); and Ward et al. (2019) reported efficiency of different drying/dewatering methods of FS and ef
ficiencies of pollutant removal in constructed wetlands or vertical-flow constructed wetlands (Kengne et al., 2009; Kegne et al., 2011; 
Koottatep et al., 2006). FS co-composting optimization with various organic wastes has also been reported (Al-Muyeed et al., 2017; 
Berendes et al., 2015; Cofie et al., 2009; Hashemi et al., 2019; Kone et al., 2007; Mengistu et al., 2018; Nakasaki et al., 2011; Nartey 
et al., 2017; Thomas et al., 2018). However, an end-to-end N,P & K assessment across combined FS and FW treatment system like 
dewatering of FS on sand drying beds coupled with co-composting with FW (Nartey et al., 2023; Nikiema et al., 2013) has not been well 
studied.

While mass balances approaches have been applied previously to individual components of treatment chains for e.g. composting, 
wetlands (Breen, 1990; Sommer et al., 1999) or full-scale wastewater treatment plants (Ekama et al., 2011; Puig et al., 2008; Ven
katesan et al., 2016), fewer studies present empirically sampled, end-to-end N,P & K mass balances for combined FW and FW 
decentralised treatment system with multi-cycle temporal replication. Therefore, this study aimed to assess the flows, losses, and 
recovery efficiencies of N,P & K in a decentralised faecal sludge and food waste treatment system. By measuring solids and liquid 
streams across three full cycles and reporting recovery as product outputs (co-compost and treated effluent) plus residual losses, this 
study will provide novel, operationally-relevant N,P & K budgets that can directly inform low-cost interventions for nutrient retention 
and reuse as well as protecting the environment and supporting decision making on sustainable sanitation planning.

2. Materials and methods

2.1. Study location and decentralised treatment system description

The study was carried out at field scale at the Jekora Ventures Ltd – Yilo Krobo Municipal Assembly (JVL-YKMA) Recycling Plant 
(Fig. 1) in Somanya, Ghana (latitude 6◦ 6’ 0” N and 3◦ 3’ 0” N and between longitude 0◦ 0’ 30” W and 0◦ 0’ 10” W) (Sadiq, 2016). The 

Fig. 1. Map of study location showing study site.
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annual rainfall ranges from 750 to 1600 mm and spans from May to October (bimodal). Average temperatures range between 24 and 
30◦C while relative humidity ranges 60–90 % (Sadiq, 2016). This decentralised treatment system presents a one stop shop for receiving 
FS from vacuum trucks and FW from markets for treatment (Fig. 2). Treatment proceeds through several sequential stages designed to 
receive FS and FW, dewater FS on sand drying beds, stabilize organic matter and recover nutrients through co-composting dewatered 
faecal sludge (DFS) and FW, and treat percolate and leachate in ponds for discharge or potential reuse (Nartey et al., 2024) (Fig. 2).

2.2. Sampling, analysis, and data collection

The sampling plan followed the treatment value chain of the system described in Fig. 2. A "Phase" referred to a FS dewatering 
process on a drying bed, typically lasting 3–4 weeks, while a "Cycle" referred to the complete treatment process from start to finish, 
lasting 4–6 months. Three treatment Cycles were conducted, with the study spanning from August 2021 to June 2022. Sampling points 
(SP) referred to the sequential stages of treatment where samples were collected.

Raw FS was sampled from vacuum trucks, following methods described by Klingel et al. (2002) and Bassan et al. (2013) at SP1 in 
Fig. 2. Upon entering the treatment system, FS underwent solid–liquid separation to DFS and percolate. Percolate (at SP2) and leachate 
(at SP3) from distinct stages were collected and composited. These liquid streams converged (at SP4) before entering the facultative 
pond (at SP5) and maturation pond (at SP6), where influent and effluent sampling was performed. Food waste (FW) was sampled at the 
sorting bay (at SP8) and DFS (at SP7), with additional samples taken from DFS and FW heaps before (at SP9) and after co-composting 
(at SP10). Composite samples were collected in triplicate throughout the process.

The solid samples were air dried and milled (0.5 mm) to homogenize. Total N was determined by the modified Kjeldahl method 
described by Black (1965). Total P and K were determined by wet digestion (using perchloric acid, nitric acid and sulfuric acid) 
followed by spectrophotometry for total P and flame photometry for total K as described in Okalebo et al. (2002). For liquid samples 
the total N,P, & K were determined by same methods mentioned above and described in American Public Health Association-American 
Water Works Association-Water Environment Federation (APHA-AWWA-WEF, 2001). Masses of N, P & K for each treatment stage were 
calculated by multiplying measured concentrations (mg⋅L⁻¹ for liquids, mg⋅kg⁻¹ for solids) by corresponding stream volumes or masses 
and converting to kg. Dry mass was computed using measured total solids (%TS) or moisture content.

2.3. FS loading of the treatment system

On average, nine trucks desludged per drying bed in each Phase for Cycle 1, 5 trucks in each Phase for Cycle 2 and 6 trucks in each 
Phase for Cycle 3 (Table 1). A total of 202, 155 and 128 m3 of FS were desludged for Cycles 1, 2 and 3, respectively. The sources of raw 
FS were mostly from homes (predominantly using septic tanks) and public toilets (using pit latrines). Septic tanks and Ventilated 
Improved Pits (VIP) are the two types of on-site sanitation systems (OSS) frequently used in towns and peri-urban communities in 
Ghana (Fanyin-Martin et al., 2017; Nayebare et al., 2020). Public toilets use little flush water in contrast to septic tanks, that require 
much water for their operation (Oppiah-Mensah, 2019). Hence, FS from public toilets were usually more fresh, thick, and concentrated 
(high strength) while the FS from septic tanks were more stable, watery, and diluted (low strength).

Fig. 2. Schematic of the decentralised FS and FW treatment system.
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2.4. N, P & K loss and flow in FS and FW treatment system

The N,P & K loss for a Cycle and for each treatment stage was calculated using the mass balance principle, as described by Laner and 
Rechberger (2016). Eqs. 1–7, and the nutrient flow diagrams depicting the various stages in Fig. 2 for the Cycles were created using 
Sankey diagram generator (SankeyMATIC). The study did not focus on the specific pathways for nutrient losses but lumped all together 
as either gaseous losses due to evaporation or adsorption of media surfaces or through leaching.

Mass balance for a Cycle: 
∑

Mx, in =
∑

Mx, out+Mx, loss (1) 

Where:
X = N, P or K
Mx, in = Total mass in Kg of X in input materials/feedstock over the Cycle
Mx, out = Total mass in Kg of X in output products (compost and treated effluent) over the Cycle
Mx, loss = Total mass in Kg of X lumped (gaseous losses + adsorption + uncounted leaching)
Stage-by-stage Mass balance within a Cycle: 

− Dewatering (solid-liquid separation) 

Mx, FS = Mx,DFS+Mx, perc+Mx, loss, dew (2) 

Therefore,Mx, loss, dew = Mx, FS − (Mx,DFS+Mx,perc)

Where: 
Mx, FS =Mass of X in raw FS received (vacuum trucks) 
Mx, DFS =Mass of X in DFS (solid after drying bed) 
Mx, perc =Mass of X in percolate from drying beds 
Mx, loss, dew =Mass of X lost during dewatering (volatilisation, adsorption to media, unmeasured pathways)

− Composting (co-composting DFS +FW) 
The initial DFS + FW mix is Mx, mix, init = Mx, DFS + Mx, FW 

Mx,mix, init = Mx, comp, final+Mx, loss, comp (3) 

Therefore,Mx, loss, comp = Mx,mix, init − Mx, comp, final 

Table 1 
Volumes of raw FS received and processed during the various Phases and Cycles of treatment.

Treatment 
Cycle

Phase No. of FS 
trucks 
received

Volume of FS 
received (SP1) 
(m3)

Volume of collected 
percolate after dewatering 
(SP2) (m3)

Dislodging 
time (days)

Fresh weight of DFS 
collected (SP7) (Kg)

Number of heaps 
formed with FW

Cycle 1 Phase 
1

10 55 25.7 7 2927 1

Phase 
2

9 52 8.0 6 1963 1

Phase 
3

10 45 28.6 8 1401 1

Phase 
4

6 50 22.4 2 1694 1

Cycle 2 Phase 
5

7 35 16.3 3 1075 1

Phase 
6

6 44 24.2 32 1384 1

Phase 
7

4 34 7.3 14 1097 1

Phase 
8

4 42 14.2 2 443 1

Cycle 3 Phase 
9

7 54 23.3 40 2206 1

Phase 
10

5 25 10.8 4 2546 1

Phase 
11

6 31 20.7 14 3080 1

Phase 
12

7 39 7.0 19 5930 1
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Where: 
Mx, mix, init =Mass of X in initial compost mixture (DFS + FW) before composting 
Mx, FW = Mass of X in input food waste 
Mx, loss, comp =Mass of X lost during composting (gaseous loss, leachate, volatilisation) 
Mx, comp, final = Mass of X in final mature co-compost product 
Stabilisation pond (facultative and maturation) treatment 
Facultative pond 

Mx, influent, fac = Mx, fac, eff +Mx, loss, fac (4) 

Where: 
Mx, influent, fac = Mass of X in influent entering facultative pond 
Mx, fac, eff =Mass of X leaving the facultative pond (effluent to maturation pond) 
Mx, loss, facMass of X lost in facultative pond (volatilisation, adsorption to sediment, etc) 
Maturation pond 

Mx, fac, eff = Mx,mat, eff +Mx, loss,mat (5) 

Where: 
Mx, fac, eff = Mass of X in influent entering maturation pond 
Mx, mat, eff =Mass of X leaving the maturation pond (effluent to maturation pond) 
Mx, loss, matMass of X lost in maturation pond (volatilisation, adsorption to sediment, etc) 
Pond system as a whole 

Mx, influent, fac(Mx, perc+Mx, other leac, in) = Mx,mat, eff +Mx, pond, loss (6) 

Where: 
Mx, other leac, in = Mass of X in influent leachate from other sources such as co-composting) 
Mx, pond, loss =Mass of X lost inside pond processes (volatilisation, adsorption to sediment, etc.)

− Overall system balance (Cycle)

Mx, FS+Mx, FW = Mx, comp, final+Mx,mat, eff +Mx, total_loss (7) 

2.5. N, P & K treatment efficiency, recovery efficiency and loss of FS and FW treatment system

The treatment efficiency of the treatment system was calculated based upon the influent and the effluent concentrations (Eq. 8) at 
the different stages according to the procedure described by Gross (2005):

Treatment system removal efficiency: 

Removal Efficiency = ([(Cin − Cout)]x100%)/Cin (8) 

Where:
Cin = Influent concentration (mg/L)
Cout = Effluent concentration (mg/L)
100% = Efficiency expressed as a percentage
In addition to the treatment performance, the system is considered regulatory compliant when N, P & K values are/or below 

N = 10.0 mg/L, P = 1.0 mg/L and K= NA according to European Union (EU) standards (Preisner et al., 2020).
The recovery efficiencies and loss percentages of the system were calculated by Eqs. 9–11 as follows: 

Recovery in compost(as%of total input) =
[Mx, comp, final]x100%

Mx, FS + Mx, FW
(9) 

Recovery in treated effluent(as%of total input) =
[Mx,mat, eff]x100%

Mx, FS + Mx, FW
(10) 

Loss in the system(as%of total input) =
[Mx, totalloss]x100%

Mx, FS + Mx, FW
(11) 

3. Results

3.1. Effect of decentralised FS and FW treatment system on nutrient flow

3.1.1. N, P & K flow in Cycles 1–3
Results for the distribution of total N, P & K for Cycles 1–3 are shown in Figs. 3–5(a, b & c). In Cycle 1, results show that for every 
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1 kg of total N input from raw FS (vacuum truck), 41 % was distributed in DFS, 31 % trapped in percolate that collect in the stabi
lisation ponds and 28 % considered as loss. This amount of N in DFS is co-composted with N in FW (food waste truck) which led to only 
27 % of it being recovered in the mature co-compost (Fig. 3a). Total P distribution in Cycle 1 showed a higher percentage of 67 % in 
DFS and only 3 % trapped in percolate and 30 % as loss for every 1 kg of total P in raw FS. Only 31 % of the combined total P in DFS 
with FW is recovered in the mature co-compost (Fig. 3b). Total K distribution in Cycle 1 from raw FS was 22 % in DFS, 20 % in 
percolate and 58 % as loss. When DFS was co-composted with FW, 53 % of the combined total K was recovered in mature co-compost 
(Fig. 3c). Further distribution of total N, P & K through the treatment system is shown in Fig. 3(a, b and c).

The distribution of nutrients in Cycle 2 was different from what pertained in Cycle 1. In Cycle 2, the distribution of total N input 
from raw FS (Vacuum truck) was 14 % in DFS, 39 % trapped in the percolate and 28 % accounted for as losses. This amount of total N 
in DFS when co-composted with total N from FW (food waste truck) led to only 26 % recovered in the mature co-compost and 74 % lost 
(Fig. 4a). Total P distribution in Cycle 2 still showed a higher percentage of 61 % in DFS and only 2 % trapped in percolate and 37 % as 
loss for every 1 kg of total P in raw FS. About 46 % of the combined total P in DFS and FW is recovered in the mature co-compost 
(Fig. 4b). Total K distribution in Cycle 2 from raw FS was 20 % in DFS, which was similar to Cycle 1 however, 40 % was trapped 
in percolate and 40 % as loss. When DFS was co-composted with FW, 33 % of the combined total K was recovered in mature co- 
compost (Fig. 4c). Further distribution of total N, P & K through the treatment system is shown in Fig. 4(a, b and c).

In Cycle 3, the distribution of total N input from raw FS (Vacuum truck) was 15 % in DFS similar to Cycle 2. A much lower amount 
(9 %) was trapped in the percolate and 76 % accounted for as losses. Similar to the first two Cycles, only 21 % was recovered in the 
mature co-compost and 79 % lost (Fig. 5a). Total P distribution in Cycle 3 showed a much higher percentage recovery of 91 % in DFS 
and a minimal 3 % trapped in percolate and a 5 % loss for every 1 kg of total P in raw FS. About 21 % of the combined total P in DFS 
and FW is recovered in the mature co-compost (Fig. 5b). Total K distribution in Cycle 3 from raw FS was 51 % in DFS, however, 31 % 
was trapped in percolate and 18 % as losses. When DFS was co-composted with FW, 28 % of the combined total K was recovered in 
mature co-compost (Fig. 5c). Further distribution of total N, P & K through the treatment system is shown in Fig. 5(a, b and c).

Fig. 3. Total N (a), P (b) and K (c) distribution in kg dry weight of the different stages of FS and FW treatment system during Cycle 1.
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3.2. Effect of decentralised FS and FW treatment system on nutrient recovery and losses

3.2.1. Nutrient recovery and losses in Cycle 1–3
The total N, P & K received as input in Cycle 1 was 270.4, 242.9 and 265.6 Kg. In terms of feedstock, Raw FS contributed 72, 58 and 

77 % of that N, P & K, respectively (Table 2). Results from FS dewatering (primary treatment) showed nutrient recovery of only 41, 
67and 22 % of total N, P & K in DFS while losses ranged from 33 % to 78 % through percolate and other non-specific pathways 
(Table 2). The percent N, P & K recovered after co-composting were 27, 31 and 53 %, respectively. Losses encountered after co- 
composting were 73, 69 and 43 %, respectively. Only 8, 24 and 22 % of total N, P and K were recovered in treated effluent leaving 
treatment system in Cycle 1. In Cycle 2, the total input of total N, P & K received was 305.3, 122.4 and 214.9 kg, respectively (Table 2). 
Results from FS dewatering showed nutrient recovery of only 14, 61and 20 % of total N, P and K in DFS while losses ranged from 39 % 
to 86 % through percolate and other non-specific pathways. The percent N, P & K recovered after co-composting were 26, 45.5 and 
33 %, respectively.

While in Cycle 3, the amount of total N, P & K recovery from FS dewatering were 15, 91 and 51 %, respectively. The losses were 85, 
9, and 49 % for total N, P & K, respectively. The percent N, P & K recovered after co-composting were 26, 45.5 and 33 %, respectively. 
Losses encountered after co-composting were 74, 54.5 and 67 %, respectively. In all cycles, total N recovery during dewatering was less 
than 50 %. The highest recovery of 41 % was obtained in Cycle 1 while recoveries of 14 and 15 % were obtained for Cycles 2 and 3, 
respectively. Total N recovery from co-composting was less than 30 % for the system (27 % in Cycle 1, 26 % in Cycle 2 and 21 % in 
Cycle 3). Total P recovery in DFS were above 60 %, ranging between 61 % and 91 % during dewatering However, for co-composting, 
total P recovery ranged between 21 % and 45.5 %. Total K recovery in DFS during dewatering was similar for Cycles 1 and 2 but was 
30 % more in Cycle 3. After co-composting, total K recoveries were 53, 33 and 28 % for Cycles 1, 2 and 3, respectively. Nutrient losses 
were more than 50 % for total N during dewatering and more than 70 % during co-composting.

Overall, between 6 % and 15 % of total N was recovered from the input feedstock in the form of co-compost and between 0.2 – 1 % 
in the form of treated effluent leaving the treatment system. For total P, between 21 % and 36 % of it was recovered in co-compost and 

Fig. 4. Total N (a), P (b) and K (c) distribution in kg dry weight of the different stages of FS and FW treatment system during Cycle 2.
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between 0.2 % and 0.7 % was recovered in treated effluent. Finally, between 14 % and 25 % of total K was recovered in co-compost 
while between 2 % and 3 % was recovered in treated effluent. The rest of the nutrients were lost either through gaseous losses, 
adsorption to treatment surfaces and accumulation in the treatment system.

Fig. 5. Total N (a), P (b) and K (c) distribution in kg dry weight of the different stages of FS and FW treatment system during Cycle 3.

Table 2 
Nutrient recovery and loss in the different stages of FS and FW treatment system during Cycle 1–3 (Kg).

Nutrient Input (kg) FS dewatering (kg) Co-composting (kg) Effluent treatment (kg)

Cycle 1
​ FS FW DFS Percolate loss Initial Final loss Influent facultative Maturation
Total N 194.2 76.2 80.0 60.2 54.0 156.2 41.6 114.7 45.1 5.8 3.4
Total P 139.9 103.0 94.2 4.2 41.5 197.2 61.0 136.2 4.1 1.2 1.0
Total K 208.9 56.7 45.2 42.1 121.5 101.9 53.6 48.3 40.4 10.6 8.8
Cycle 2
Total N 244.5 60.8 34.7 95.5 114.4 95.4 25.2 70.2 68.1 5.0 3.8
Total P 65.7 56.7 39.9 1.3 24.5 96.6 44.0 52.7 1.3 1.0 0.9
Total K 153.5 61.4 30.4 61.3 61.9 91.8 30.0 61.7 54.7 16.5 7.5
Cycle 3
Total N 879.8 186.7 132.3 77.5 670.0 319.1 66.0 253.0 74.5 5.1 2.2
Total P 87.9 212.4 80.4 2.9 4.6 292.8 61.8 231.0 2.4 1.1 0.6
Total K 242.0 214.7 123.4 74.4 44.2 338.2 95.3 242.9 70.8 13.5 9.9

FS = faecal sludge, FW = food waste, DFS = dewatered faecal sludge.
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3.3. Decentralised treatment system efficiency and pollution mitigation

3.3.1. Treatment efficiency of the treatment stages
The total N concentration in raw FS measured ranged between 821 – 5056 mg/L for the three cycles (Table 3). There were sig

nificant differences at p < 0.05 between total N and P concentrations of the cycles. Total P ranged between 60 – 519 mg/L. Differences 
in total K concentrations in the raw FS were not statistically significant between cycles. After dewatering, differences in total N and P 
concentrations between raw FS and percolate were significant at p < 0.05. Similarly, differences in nutrient concentrations of 
percolate between cycles were statistically significant at p < 0.05.

The results of the treatment efficiency for the sand drying beds per Cycle is shown in Table 4. The efficiency of total N removal in 
Cycle 3 was 63 % and 91 % greater (p < 0.05) than those from Cycles 1 and 2, respectively. The N removal was negative in Cycle 2. The 
P removal relatively high and ranged from 16 % to 94 %. In contrast, K removal was below 50 % in Cycle 1 and negative for Cycles 2 
and 3 (-528 to − 46 %). The treatment efficiency for total K removal not significant at p < 0.05 and was the least removed from the raw 
FS.

The results of the treatment efficiency for the stabilisation ponds (facultative and maturation ponds) are shown in Table 5. The 
efficiency of total N removal in facultative pond was remarkably high and ranged between 88 % and 96 %. Removal efficiency for total 
P in Cycle 1 was 43 % and 9 % greater than Cycles 2 and 3. Total K removal in Cycle 1 increased by 7 % and 20 % in Cycles 2 and 3, 
respectively. For the maturation ponds, total N removal efficiencies were below 50 %. Total P removal efficiency was greater in Cycle 3 
than in Cycles 1 and 2 whiles greater removal efficiency in Cycle 2 was recorded for total K.

3.3.2. Treatment performance against discharge standards
The total N, P and K characteristics of the final treated effluent leaving the maturation pond over the different treatment cycles is 

described and compared with EU discharge standards in Table 6. The final concentrations did not meet the EU standards for release 
into receiving waters (Table 6). In Cycle 1, the total N and P content of the discharged effluent exceeded EU threshold values by 3.4 and 
7.8 times, respectively. In Cycle 2, the levels were 3.4 times higher for N and 7.5 times for P, while in Cycle 3, they were 2.5 and 5.3 
times higher, respectively. Indicating that the FS and FW treatment system is not compliant to discharge standards.

4. Discussions

4.1. Effect of decentralised FS and FW treatment system on nutrient flow

The design of wastewater treatment plants has been primarily to treat effluents to required legal standards (Wild and Siegrist, 
1999). For decentralised FS systems which offer more than just treating waste, a comprehensive understanding and management 
considering all involved flows and processes is necessary to reach optimal plant performance. The result from this study gives a 
comprehensive overview of the flow of total N, P & K distributed at various stages and in the different forms they exit the system. There 
is limited published data on an end-to-end N,P & K flow assessment of FS treatment systems to compare these results with, as few 
studies have been conducted on nutrient flows especially in FS treatment systems (Levira et al., 2023). However, a study by Mon
tangero and Belevi (2007) on nutrient flow in OSS found that only 5–14 % N and 11–27 % P of the waste input are removed from septic 
tanks in the FS/sludge. The remaining fraction left the tanks in liquid effluent which usually ends up in rivers and lakes. For urine 
diversion latrines, 21 – 53 % Nand 41 – 73 % P of inputs were removed in the dried faeces and the remaining fraction in the urine. 
Making these latrines contribute to reducing nutrient load in the environment more than septic tanks (Montangero and Belevi, 2007).

In this study, 6 – 15 % N, 20 – 36 % P and 14 – 30 % K fractions of the input nutrients were left in the co-compost (fertiliser) for 
agricultural purposes while 0.2 – 1 % N, 0.2 – 0.8 % P and 2 – 4 % K left the system in treated effluent. A substantial fraction (83 – 94 % 
N, 63 – 79 % P and 77 – 83 % K) was estimated as losses in the system through adoption to media surfaces or to the atmosphere through 
volatilisation. Implying that, the decentralised FS and FW system is effective at pollutant removal but ineffective for nutrient recovery. 
Losses to the atmosphere could be an air quality concern, however this study could did not estimate the exact amounts. The nutrient 
flows differed between the cycles and could be attributed to factors such as the varying characteristics and quantities of input waste, 
climatic conditions, and plant operations (the loading and the dewatering times on the drying beds). Yaser et al. (2022) confirms this, 
that sludge properties vary depending on where it is produced, how it is generated, the seasonal variation, and the type of OSS in place 
etc. In this study, cycles 1, 2 and 3 flows coincided with the minor rainy, dry, and major rainy seasons, respectively (Ministry of Food 
and Agriculture, 2023) indicating the possible climatic effect.

The nutrient flow analysis carried out in this study provides several important engineering insights for the design and optimisation 

Table 3 
Mean ± SD concentrations of NPK in FS before and after dewatering on sand drying beds.

Treatment Cycle FS (mg/L) Percolate after dewatering (mg/L)

Total N Total P Total K Total N Total P Total K

Cycle 1 821 ± 73 60 ± 9 895 ± 291 719 ± 89 50 ± 5 895 ± 105
Cycle 2 1346 ± 266 367 ± 30 857 ± 479 1546 ± 343 22 ± 4 857 ± 213
Cycle 3 5056 ± 75 519 ± 59 1449 ± 1475 1256 ± 131 41 ± 19 1449 ± 1334

SD: standard deviation, FS: faecal sludge
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of decentralised FS and FW treatment systems as the goal of such systems is to maximise nutrient recovery. The results highlight the 
importance of aligning engineering design with local climatic conditions, waste characteristics, and operational capacity. Systems that 
perform adequately under temperate or controlled conditions may behave sub-optimally in tropical, high-rainfall environments like 
Ghana.

4.2. Effect of decentralised FS and FW treatment system on nutrient recovery and loss

By design, N,P & K recovery was expected to be maximised in DFS during dewatering and in co-compost of the treatment system to 
enhance reuse into agriculture as fertiliser. However, results show less than half of total N and K received from raw FS was recovered in 
DFS and the rest lost in the system around the dewatering stages. While this study did not investigate the specific routes for the nutrient 
losses, it was probable that losses occurred in percolate, atmospheric gaseous losses, and/or adsorption to surfaces of filtering media. 
According to Montangero and Belevi (2007), faeces contain both water-soluble and insoluble nutrients combined in larger particles. 
Some 50 % of the N in faeces are water-soluble, exiting the solid -liquid separation process in the percolate. This could explain why less 
than 50 % of total N was recovered in the DFS. Manga et al. (2016) observed similar losses of total N during dewatering and attributed 
to higher NH3-N volatilisation due to longer dewatering times and extended exposure of dewatering FS to high ambient temperatures.

The substantial total P and K losses, although relatively lower for total P compared to others during dewatering could also be linked 
to the high solubility and mobility of these nutrients under the warm, moisture-rich conditions typical of the FS and FW treatment 
system. During dewatering, K probably leached into percolate possibly due to its high soluble ionic form and the low adsorption 
capacity of the sand drying beds (Ward, 2022). Whereas the drying beds may have adsorbed to soluble P through phosphate binding to 
its surfaces (Altamira-Algarra et al., 2022). Sand drying beds (unplanted sludge drying beds) have proven to be technically feasible FS 
treatment technology with the recovery of nutrient and biosolids for agriculture. However, it has been associated with some limitations 
such as generation of low-quality dewatered solids in terms of N,P & K and organic matter; percolate with high contaminant loads; 
longer dewatering periods and high required footprint (Heinss et al., 1998; Cofie at al. 2006; Manga et al., 2016). Previous studies have 
addressed the longer dewatering periods (Gold et al., 2016; Seck et al., 2015) but not so much on the quality of the solids and the very 
high percolate contamination load (Manga et al., 2016).

Though total K is not typically considered an important pollutant in the same way that N and P, because it has fewer identified 
environmental concerns (Sutton et al., 2013), K plays a more important role than other elements in improving crop quality and 

Table 4 
Mean ± SD efficiency of sand drying beds in FS and FW treatment system.

Treatment Cycle Treatment efficiency (%)

Total N Total P Total K

Cycle 1 12.3 ± 8.9 16.1 ± 7.6 41.2 ± 27.8
Cycle 2 -15.3 ± 19.3 93.9 ± 1.1 -46.4 ± 62.5
Cycle 3 75.2 ± 2.3 91.7 ± 4.6 -528.2 ± 953.6

Note: the (-) negative treatment efficiency means accumulation of nutrients.

Table 5 
Mean ± SD efficiency of stabilisation ponds in FS and FW treatment system.

Treatment Cycle Treatment efficiency of facultative pond (%) Treatment efficiency of maturation pond (%)

Total N Total P Total K Total N Total P Total K

Cycle 1 87.9 ± 0.0 64.3 ± 0.1 65.8 ± 0.0 40.8 ± 0.9 13.2 ± 4.0 16.2 ± 17.1
Cycle 2 94.5 ± 0.1 21.0 ± 0.0 72.8 ± 0.5 24.2 ± 2.7 10.1 ± 3.6 54.3 ± 0.5
Cycle 3 95.5 ± 0.1 55.5 ± 0.2 85.3 ± 0.4 18.9 ± 32.7 42.4 ± 1.5 27.0 ± 0.1

Putting all the components together, the overall treatment efficiencies of the treatment system for Cycles 1 – 3 were 94 – 99 % for total N, 14 – 98 % 
for total P and 4 – 88 % for total K.

Table 6 
Comparison of treated effluent of FS and FW treatment system to discharge guidelines.

Nutrient (mg/L) Treatment cycles EU

Cycle 1 Cycle 2 Cycle 3

Total N 51.4 ± 1.6 65.0 ± 1.0 37.8 ± 0.7 15.0a 

10.0b

Total P 15.5 ± 0.8 15.8 ± 0.1 10.5 ± 0.5 2.0a 

1.0b

Total K 133.0 ± 20.2 128.1 ± 0.9 168.0 ± 5.0 -

Source: Preisner et al# (2020), a = 10,000 – 100,000 PE; b = <100,000 PE
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reducing environmental pollution caused by loss of N and P fertiliser (Li et al., 2019). Hence its recovery is equally important for 
balanced nutrient management in fertiliser. In this study, recoveries in co-compost as measured were minimal for total N (less than 
30 %), moderate for total P (less than 50 %) and total K (less than 60 %). Losses of N, P and K were over 70, 50 and 40 %, respectively 
during co-composting. Losses of P and K may have been due to mineralised P and soluble K draining from compost piles through 
gravitational percolation that could not be captured (Chatterjee et al., 2013). Regardless, these results are within typical ranges of 
44–73 % for N losses and 82–88 % for P losses reported in earlier studies (Cofie et al., 2009; Nartey et al., 2017). Many studies have 
shown that, when there is sufficient K, K ions significantly promote the absorption and utilization of N and P by crops in the form of 
compensation charges (Barnes et al., 1976), improve the utilization rate of N and P fertilizers (Reid et al., 2016) and thus reduce 
pollution. Managing these losses is crucial and from an engineering perspective, this underscores the need to integrate leachate 
management features, such as, low-permeability compost pads, leachate collection systems, and leachate recirculation loops to reduce 
losses.

The significant N,P & K losses observed in this study highlight important trade-offs. While decentralised FS and FW systems reduce 
reliance on sewer networks, they may underperform in nutrient recovery unless carefully designed and operated. Compared with 
centralised treatment plants, the decentralised FS and FW approach is low-cost but more vulnerable to nutrient losses through vol
atilisation, leaching and inefficient composting. Therefore, achieving the environmental and resource-recovery benefits of decen
tralised systems require context-specific optimisation such as improved dewatering design, leachate capture, and enhanced 
composting practices rather than simple replication of these systems in many locations. These findings are relevant not only to Ghana 
but to many countries globally seeking sustainable waste management solutions under resource, infrastructure, and climatic 
constraints.

4.3. Decentralised treatment system efficiency and pollution mitigation

Total K concentrations of raw FS were found not to be statically significant between cycles. This could be attributed to the huge 
variation in the characteristics of the FS. The high variability of FS observed in this study is corroborated by results of earlier studies in 
West Africa (Bassan et al., 2013; Heinss et al., 1999). This variability could be attributed to differences in pH, sludge storage period, 
presence of oxygen and type of OSS installation (Eliyan et al., 2021). The total N in this study was higher than the total N of 350 – 
400 mg/L reported by the National Institute of Urban Affairs (NUIA), 2022 in India for FS and septage or the total P of 140 – 350 mg/L 
reported in India (NIUA 2022).The higher total N concentrations measured during Cycle 3 could be due to increased volume of public 
toilet FS received in comparison to septage. Kuffour et al. (2019) reported similar observations that, public toilet FS was usually fresh 
and undigested. It had very high concentrations for all parameters while septage had comparatively lower concentrations of pa
rameters analysed.

Dewatering beds removed very little N and often increased K as shown by the negative removals for total N and K obtained. This 
may have been due to enrichment from the sand filtering medium especially for total K concentrations. According to Kumar et al. 
(2022) negative removal is a commonly found phenomenon in all wastewater treatment facilities irrespective of the pollutants, 
amount of wastewater, capacity of the treatment plants, and regions. Even the most efficient pollutants separation techniques will have 
negative removal efficiency for more than one pollutant (Kumar et al., 2022). Additional factors such as accumulation from treatment 
components (e.g., sand drying bed), operating parameters such as varying retention times and climatic conditions (ambient tem
perature, rainfall etc.) (Dodane and Ronteltap, 2014; Samal et al., 2022) could account for the negative removals. The efficiency for 
total N removal in this study for Cycles 1 – 3 was lower compared to planted drying beds (constructed wetland systems), which 
achieved efficiencies of 80–90 % for total N (Kegne et al., 2011; Koottatep et al., 2005) and 75.9 – 81.6 % by unplanted drying bed 
(Kuffour et al., 2019). This confirms that sand drying beds are designed for water removal not nutrient removal.

Nutrient treatment and removal were expected to be greater at the dewatering and facultative pond stages of treatment by total N 
and P particulate bounded to DFS during dewatering and also by sedimentation and algal uptake in the facultative pond (Heinss et al., 
1999; von Sperling, 2007). Although the maturation pond was also assessed in Table 5, less nutrient treatment was anticipated 
compared to the facultative as it was for pathogen reduction. Findings reported in Table 5 confirms this. Overall, total K is the least 
removed nutrients observed in the study as also reported by Heinss and Strauss (1999) and Nyenje et al. (2010). Despite the high 
removal efficiencies in the facultative ponds, the final effluent did not meet EU standards, highlighting the difference between internal 
treatment performance and regulatory compliance. In this study, FS is naturally concentrated in nutrient and variable in characteristics 
making it different from other wastewater types. FS treatment systems may require a different set of regulatory schemes and discharge 
standards commensurate with their characteristics. It also emerged that discharge standards for total N and K concentrations in 
effluent were non-existent for countries like Ghana and Uganda. The absence of total N and K discharge standards for wastewater can 
lead to severe environmental issues, including eutrophication from nutrient pollution.

4.4. Limitations and uncertainties of data

Although the mass-balance approach provided a robust framework for quantifying nutrient flows across the decentralised FS and 
FW treatment system, several limitations introduce uncertainty into these estimates. First, gaseous emissions particularly ammonia 
volatilisation during dewatering and composting were not directly measured and are therefore captured only as part of the lumped 
losses. This also included unmeasured leachate and adsorption to media surfaces, which may vary with weather conditions and 
operational practices. Second, percolate and leachate volumes were estimated from periodic sampling rather than continuous 
monitoring, contributing to potential under- or overestimation of soluble nutrient losses. Third, FS and FW characteristics exhibited 
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high temporal variability; although three treatment cycles were sampled, the results may not capture the full range of seasonal or 
operational fluctuations. Finally, analytical and volumetric measurement errors propagate through the mass balance, affecting closure 
accuracy. These uncertainties do not undermine the overall conclusions but should be considered when interpreting nutrient loss 
magnitudes and recovery efficiencies.

5. Conclusions and recommendations

In conclusion, the study successfully characterised the end-to-end N, P & K flow in a decentralised FS and FW treatment system. N,P 
& K recovery efficiency of the system was low, characterised by huge losses. Findings revealed that, 59–86 % N, 8–40 % P and 49–81 % 
K were lost at the dewatering stages for all cycles. Treated effluent quality for total N, P & K did not meet minimum EU standards 
compared. There is the need for countries in SSA to prioritize setting discharge standards for total N and K. However, the effluent may 
become a great irrigation water source in geographies that have scarce water resources. The current FS treatment system infrastructure 
support solids (organic matter) recovery more than nutrient recovery in co-compost for agriculture.

The study recommends strategies and approaches such as biochar use, percolate/leachate recirculation and covering of compost 
piles for their low-cost, simple, and environmentally friendly nature to reduce nutrient losses specifically at dewatering and co- 
composting stages. Further study is needed to assess the specific routes of nutrient losses in the treatment system. Findings from 
this study can be used to build nutrient flow dashboards or decision support tools on nutrient recoveries and losses in FS treatment in 
low- and middle-income countries.
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