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Abstract: Urban residual flows contain significant amounts of valuable nutrients, which, if recovered,
could serve as input for the own city needs or those of its immediate surroundings. In this study,
the possibilities for decentralized recovery of nutrient rich residual flows in Santiago, Chile, are
studied by means of a case study considering technical and socio-economic criteria. In particular,
we calculate circularity indicators for organic matter (OM), nitrogen (N), and phosphorus (P) and
cost–benefits of household and community on-site technological alternatives. Kitchen waste (KW) and
garden residues (GR) as well as urine were considered as system inputs whereas urban agriculture,
municipality green, or peri-urban agriculture were the considered destinations for nutrients recovered.
The technologies studied were anaerobic digestion, vermicomposting, and composting, while urine
storage and struvite precipitation were considered for nutrient recovery from urine. Material flow
analysis was used to visualize the inputs and outputs of the baseline situation (the traditional urban
waste management system), and of the different household and municipality resource recovery
scenarios (the decentralized valorization systems). Our findings show that decentralized valorization
of KW and GR are a clear win–win policy, since they can not only produce important environmental
benefits for the city in the long run, but also important cost savings considering the landfill fees and
residues transportation of the current centralized waste management system.

Keywords: waste management; circular metabolism; decentralized valorization; nutrient recovery;
material flow analysis

1. Introduction

Urban metabolism refers to the accounting of energy and material fluxes of a city or any inhabited
core; the concept serves as a framework for analyzing its inputs and outputs, often focusing on energy,
water, and nutrients flows. When studying urban metabolism, it is usually the aim to understand
current linear resource management strategies in the cities characterized by high resource demand and
polluting discharges of waste streams, and propose alternative closed-loop systems where resources
are efficiently used within urban boundaries with a restorative perspective [1,2].

Of particular interest are nutrient transformations, as cities can substantially impact ecosystem
cycles through the fluxes of elements such as carbon (C), nitrogen (N), and phosphorus (P). The city,
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as an organism, intakes those elements via food inputs coming mostly from external agricultural
sources, which, after consumed, transform partially into unwanted by-products i.e., solid waste or
human excreta [1]. Within the linear approach, these flows are usually directed towards end-of
pipe solutions such as landfills or wastewater treatment plants (WWTP) where they are contained
or partially treated and recovered, thereby still causing unwanted emissions to be released into the
natural environment. At the same time, on the supply side, these nutrients need to be brought
to the agricultural sector and/or urban agriculture (UA) where food consumed in the city is being
produced, causing negative impacts, particularly resource depletion (i.e., phosphorus) and indirect
energy consumption (i.e., artificial nitrogen fertilizer production) [3–6].

Alternative destinations for these outflows can be found, such as: City green spaces, accelerated
regeneration of natural disaster sites (fires, floods), erosion-prone hillsides in the city, selling the
nutrients to external buyers, and/or for UA [5,7]. In particular, UA is a suitable and increasingly
popular destination for recovered nutrients as it allows for closing cycles locally, reducing transport
distances for residues, fertilizers, and food, offering many advantages for citizens (e.g., increased green
space), and avoiding fossil-based artificial fertilizers (see [7]).

Despite the potential for closing nutrient, water, or energy flows, in practice, the implications
of closing cycles in urban systems is not evident, due in part to the lack of information about the
possibilities in matching demand and supply considering the quantity and quality of flows, its time
and space availability, as well as user practices and disposition for changing household practices.

Circular economy is gaining attention in Chile, both at private and public institutions. At the
Chilean Ministry of Environment, the recently created circular economy office is designing a national
strategy for the separation and recovery of organic solid waste (OSW) [8]. In Chile, the amount of
generated municipal solid waste (MSW) is increasing rapidly at a rate of 27% per decade [9], OSW being
the largest fraction (48%), only 10% valorized (mainly through composting or vermicomposting) [9,10].
Hence, separate, value-oriented processing of this fraction is seen as a strategy for potentially
reducing the negative impacts of current disposal. In addition, it is expected that when OSW are
valorized at the source, cost savings could be achieved for municipalities avoiding landfill fees and
residues transportation.

The largest production of MSW in Chile takes place in the Metropolitan Region of Santiago
(MRS), where 40.1% of the country’s inhabitants live, i.e., 6,061,185 [10,11]. About 98% of the domestic
residues are collected and disposed in three sanitary landfills where no nutrient recovery takes
place [12]. Regarding sanitation, there is 100% sewage coverage and treatment of the wastewater and
44% out of the near 75.555 tons/day residual sludge produced are partially recovered for agricultural
application [13].

Beyond current centralized schemes, decentralized OSW management alternatives are of interest
in this context. Municipality onsite alternatives for waste management present opportunities, such as
the higher control and potential economies of scale, but also challenges including lack of suitable land,
different types of permits required, and investment costs [14]. Domestic alternatives are also of interest;
they reduce the need for scarce municipal land and operational costs. In both cases, it is important
to consider the willingness and possibilities of inhabitants, as well as the technical and economic
feasibility of the options and their environmental implications. The lack of information regarding the
previous hinders policy decisions in the domain of OSW management but also related ones in the
fields of urban landscape management, sustainable (peri) UA, and new sustainability investments.

This study addresses the potential of closing of nutrient cycles (C, N, P) through the decentralized
technological valorization of OSW and urine in Peñalolén municipality in Santiago de Chile considering
household and municipality on-site scenarios and end-use of products at different scales. The overall
objective is to assess circularity, costs, and benefits of these non-conventional alternatives so policy
makers can have an indication that can serve for guiding the new OSW policy decisions.

Urine is considered for completeness of the results as it contains the highest levels of N and P
among household generated residual flows [15]. Peñalolén municipality is chosen as a case study,
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because it has been one of the pioneer municipalities piloting environmental education as well as OSW
valorization and reuse in the MRS, plus it shows a socio-economic demographic distribution similar to
that of the overall Santiago [16,17].

2. Methodology

2.1. Overall Approach

Different methodologies exist for analyzing urban metabolism, with most of them taking the
material flow analysis (MFA) as a departing point [18]. In this study, the urban harvest approach
(UHA) is the overarching methodological framework used. The UHA is a method used for analyzing
urban metabolism, which allows comparing different resource recovery measures and technologies
and their impacts on urban self-sufficiency. UHA can be applied to different resources, e.g., water,
energy, nutrients [19].

The first step of UHA is a baseline assessment, which in our case is built using direct information
gathered from interviews to local families, as well as studies and previous research. MFA is used then
to map the information collected, in terms of processes, stocks, and input and output flows.

The household supply and demand of nutrients is gathered via socio-economically segmented
interviews and scientific literature. Inhabitants of Peñalolén were interviewed in order to assess
quantitative and qualitative aspects relevant to nutrient flows including food intake, land availability
and use, municipality gardens and fertilizer use, and disposition, through multiple open and closed
questions. Peñalolén accounts for 253,175 inhabitants, which is about 4% of the total inhabitants in
Santiago. In particular, a total of 70 interviews were conducted among different socioeconomic groups
(SEG) present in the municipality.

After the baseline scenario is drawn, alternative scenarios are developed focusing on recovering
nutrients from waste streams. UHA proposes three ways to close cycles: Demand minimization,
output minimization, and multi-sourcing. In this study, output minimization is the main principle
applied, although the principle of resource minimization is also applied when calculating the amount
of nutrients demanded by the urban processes. Four technologies are assessed as a means to achieve
this objective, these are: (i) Composting, (ii) vermicomposting, (iii) struvite recovery (from urine),
and (iv) anaerobic digestion. The choice for these technologies is based on their applicability in
decentralized settings either at house or municipality level, plus their availability and already existing
local knowledge for most of them. The alternative decentralized scenarios are then drawn based
on several (combinations of) the mentioned technologies and are quantified using MFA. Finally,
these scenarios are compared by means of a set of indicators aimed at measuring both the degree of
circularity achieved in terms of the studied nutrients and the economic output, i.e., costs and benefits
of the alternatives.

2.2. Material Flow Analysis

Within an MFA, the goal and scope, as well as system boundaries, processes, and flows of goods
are defined [20]. We define the goal of this study as to assess circularity and cost–benefits of resource
recovery from domestic OSW in a Peñalolén municipality by means of decentralized treatments units
at the household or municipality level. System boundaries, in our case, are established firstly and
most importantly at the household level where all information regarding resource production and
onsite demand is gathered and systematized. Domestic organic waste streams are the main flows
considered in this study, particularly OSW and urine. The feces stream is excluded because of the
public aversion to its collection and reuse, plus foreseen legislation constraints. While urine is currently
not separately collected and reused either, it is expected that public opinion will be more favorable in
this case. This assumption is tested through interviews. The grey-water flow is also not assessed due
to its low concentrations of nutrients, which are the main focus of this study. The functional unit for
calculations is kilograms per household per year [kg/hh/y] (see Figure 1).
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Figure 1. Material flow analysis (MFA) model showing the processes and flows involved at the 
household level affecting N, P, and organic matter (OM) supply. 

The system boundaries are then enlarged at two levels more considering different output 
destinations for the obtained valorized resources. These levels also relate to the indicators used to 
compare scenarios as shown in Figure 2. The closest level investigated for nutrient recovery is the 
household garden, the second level considers Peñalolén urban green and the third level includes 
agricultural areas within the MRS. The use of local residues to cover the demand from other 
municipalities is not included as it is assumed that they can also use their own residues for their green 
areas and UA. Outside of the system boundaries, the sources for resources imported such as food 
streams, and the current destination for OSW and excreta, i.e., landfills and WWTP, are located.  

Figure 1. Material flow analysis (MFA) model showing the processes and flows involved at the
household level affecting N, P, and organic matter (OM) supply.

The system boundaries are then enlarged at two levels more considering different output
destinations for the obtained valorized resources. These levels also relate to the indicators used
to compare scenarios as shown in Figure 2. The closest level investigated for nutrient recovery
is the household garden, the second level considers Peñalolén urban green and the third level
includes agricultural areas within the MRS. The use of local residues to cover the demand from other
municipalities is not included as it is assumed that they can also use their own residues for their green
areas and UA. Outside of the system boundaries, the sources for resources imported such as food
streams, and the current destination for OSW and excreta, i.e., landfills and WWTP, are located.
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The software used to systematize the MFA in this study is STAN (substance flow analysis) from 
Vienna University. STAN is a widely used, free software that helps to perform material flow analysis 
according to the Austrian standard ÖNorm S 2096 that concerns application of MFA in waste 
management. 

2.3. System Evaluation 

The developed technological options are compared by means of resource recovery and economic 
indicators. Firstly, the self-sufficiency index (SSI) evaluates to what extent self-sufficiency with regard 
to the nutrients for garden fertilization can be achieved if the whole garden would be used for food 
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system as considered as recycled (R), whereas nutrients going to the landfills or lost during treatment 

Figure 2. System definition with three levels of analysis: Household, Peñalolén urban green, and nearby
agriculture, and their corresponding indicators: Self-sufficiency index (SSI), resource recovery index
(REI), and waste output index (WOI).

The software used to systematize the MFA in this study is STAN (substance flow analysis)
from Vienna University. STAN is a widely used, free software that helps to perform material flow
analysis according to the Austrian standard ÖNorm S 2096 that concerns application of MFA in
waste management.

2.3. System Evaluation

The developed technological options are compared by means of resource recovery and economic
indicators. Firstly, the self-sufficiency index (SSI) evaluates to what extent self-sufficiency with regard
to the nutrients for garden fertilization can be achieved if the whole garden would be used for food
production at the household level. SSI = 0 indicates full local self-sufficiency, SSI = 1 indicates zero local
nutrient production, and SSI < 0 indicates the nutrient production is bigger than the local demand.

SSI =
D− Ip

D
(1)

where demand (D) and internal production (Ip) are in kg/hh/y. Scenarios at the household level are
compared based on the SSI.

Secondly, the resource export index (REI) shows to what extent local household nutrient production
exceeds both individual household demand plus the demand by the green areas in Peñalolén
Municipality. REI > 0 indicates that the demand is exceeded and nutrients need to be exported out
from the municipality and REI < 0 means more nutrients need to be imported.

REI =
Er

D
=

Ti −D
D

(2)

where total input (Ti), demand (D), and exportable resources (Er) are in kg/hh/y.
Thirdly, the waste output index (WOI) is the final indicator used in this study. For this indicator,

the nutrient system boundaries are expanded considering that from the amount of nutrients available
or total input (Ti), nutrients that can be disposed in nearby agriculture within the MRS as well as those
that go to households and urban greens within Peñalolén municipality are kept within the system
as considered as recycled (R), whereas nutrients going to the landfills or lost during treatment are
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regarded as the waste exported (WE). WOI = −1 indicates linear metabolism and WOI = 0 indicates
complete absence of output; thus, a fully circular system.

WOI = −
WE

Ti
=

Ti −R
Ti

(3)

Finally, a cost–benefit analysis is performed for each of the scenarios, considering the changes in
wellbeing, expressed in monetary terms, for the society as a whole. As is customary in social appraisal
of projects, the consumer surplus of the situation without the project/policy is contrasted with the
consumer surplus of the situation with project/policy; see for example [20]. If the gains in consumer
surplus as a product of the project/policy is greater than the investment, the project must be carried out
because it is efficient in economic terms.

In this case, the cost of the traditional urban waste management system (TUWMS) per household
is compared with the cost of the decentralized valorization of residual flows (DVRF) per household.
Obviously, the comparison is carried out only for the OSW being treated. Besides, the situation with
the decentralized valorization presents also economic benefits that are duly accounted for.

In particular, the economic attractiveness of scenarios will be assessed based on the net present
value (NPV) and payback period (PP). The NPV evaluates if the projected earnings generated by
a project or investment (in present value) exceeds, or not, the anticipated costs (also in present
value) (Equation (4)). A positive NPV represents a project that is worth investing in considering
economic gains.

NPV =
N∑

t=0

CFt

(1 + r)t − I0 (4)

where CFt is net cash flow during period t and Io is total initial investment costs, both in $ (USD), r
is social discount rate, and N is the number of time periods. CFt consists of the cost savings of the
municipal authority considering the decentralized scheme (Cost TUWMS−Cost DVRF), plus the profit
generated by each project considering the valorization of the residuals (Ben f DVRF). This calculation
is estimated based on the costs savings and benefits per household per year perceived by society (see
Equations (5)).

CFt = Cost TUWMS−Cost DVRF + Ben f DVRF (5)

In the same way, the payback period (PP) of the investment informs of the amount of years it will
take to earn back the investment with yearly profits.

Current costs for domestic OSW management were provided by the municipality. Benefits include
profits from the sale of compost, vermicompost, digestate, struvite, and/or biogas or savings from
not having to buy those resources The price for digestate, urine, and struvite are determined based
on their nutrient content following a pricing method proposed by the UK Environment Agency [21],
which considers market prices for commercial alternatives. This is the reason that different prices
are considered, for example, for digestate depending on its reuse destination, as retail prices differ
significantly from those for agriculture. Possible benefits from increased productivity in food grown
using the recovered nutrients is not included. Costs included in the analysis are operation, transport,
and fees. Technology data for the analysis at the household level is taken from commercially available
Chilean technology, whereas at the municipality level, since full-scale facilities are lacking, calculations
were made using the literature describing projects of similar size and adjusted for local costs [22–25].
Since the analysis is made from the perspective of costs for the municipality, the discount rate (r) is
assumed to be 8%, a usual rate for social projects. The project time N considered for the economic
evaluation is 10 years. Municipal savings considered include the landfill fee and transport to landfill
when in the case of OSW. In the scenarios that include only resource recovery from urine, there are no
such savings.
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In the case of urine, as residents are connected to the sewer system and they pay a tariff proportional
to the drinking water consumed, cost savings are not considered when recycling urine, and hence,
an NPV of household is simply estimated by a cash flow equal to the benefits minus the cost of each
technology considered.

Even though we are performing a cost–benefit analysis using private prices, it is important to
remark that the most important benefits of the decentralized valorization of residual flows are the
reduction of negative externalities and the production of several positive externalities. However,
the estimation of externalities are beyond the scope of this research.

2.4. Baseline Description

2.4.1. Nutrient Inputs

Nutrients come into the household system through daily food intake (DFI). Muñoz et al. [26]
performed a total diet study for Santiago’s population, which showed an average total DFI per
person of 2237 g, of which 484 g correspond to fruit and vegetables. From the interviews conducted,
an average vegetable and fruit consumption of 320 g/p/d was assessed; since this number is below
the recommended amount (i.e., 450 g/p/d [27]), the value by Munoz was considered to be target
consumption. The average household assessed in the interviews was 4 inhabitants, which coincides
with the official average household for the municipality [28].

Food composition was accounted using different literature sources. Protein and phosphorus
contents of the consumed goods were obtained from the United States Department of Agriculture
database [29]. The total amount of N (including non-protein N) in the food can be estimated by
dividing the amount of protein by a conversion factor of 4.4 [30,31]. To calculate the OM from food
intake, the average OM content per food group is taken from the literature [32–41].

2.4.2. OSW Production and Characterization

In order to quantify and characterize the residues flows, a study of the Chilean National
Environmental Committee (CONAMA) on the characterization of domestic residues in Santiago is
used [41]. This research also estimates the fraction of KW and GR, these fractions are then applied
to the 84,773 t/y domestic solid waste production in the Peñalolén Municipality [14], considering a
population size of 253,175 [17] (see Table 1).

In the current situation, there is no separate collection of OSW within the municipality, and the only
amount recovered is that going to the local program EcoParque Peñalolén-UAI. This is a collaborative
applied research initiative carried in association with Universidad Adolfo Ibañez, where circular
urban metabolism, organic residues valorization, as well as urban agriculture are researched and
promoted [42]. Yearly, an average 170 tons of market waste are treated there, while all other OSW
collected are disposed in landfills. The collection, transport, and disposal of residues in 2016 cost
the municipality 30,605 million CLP (38.9 million EUR or 43 million USD), which is 120,883 CLP per
inhabitant (154 EUR or 170 USD) [10,14] (see Table 1).

Table 1. Mean amounts and composition of food, urine, feces, kitchen waste (KW), and garden residues
(GR) for the average household in Penalolén.

Unit Food Urine Faeces KW GR

mass kg/hh/d 12.8 4.8 0.84 1.76 0.2

TN g/hh/d 97.2 75.2 10.4 11.6 0.8

TP g/hh/d 8.2 4.28 1.92 2 0.16

OM g/hh/d 2196 35.2 180 440 68

TN = total nitrogen; TP = total phosphorus; OM = organic matter; KW = kitchen waste; GR = garden residues [43–51].
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2.4.3. Current Resource (Re) Use Practices

It was found that 68% of the interviewed inhabitants own a garden and already 44% of them use
it (partly) to grow food. Further, 76% of the inhabitants would like to participate in growing (more)
foods, indicating ‘a lack of space’ is the most important reason to not grow food at the moment. About
half of these interested inhabitants would prefer a communal system and half an individual lots system.
The remaining 24% mention ‘a lack of time’ as the most important reason for not willing to grow their
own food. The average garden size assessed was 16 m2, although the deviation is very high, with the
smallest being 3 m2 and the biggest being 54 m2.

The variety (not more than six different types of food including herbs per garden) and amounts
(maximum dedicated space of 6.2 m2 and an average of 2.5 m2) are minimal compared to total food
intake, i.e., 4726 kg/hh/y food intake versus 12 kg/hh/y food production on 2.5 m2 [52]. Therefore,
in the baseline scenario, there is no food accounted as produced in the gardens.

Compost is both the fertilizer that is used most frequently (by inhabitants currently growing food)
and the most preferred option (by everyone interested in growing food). However, twice as many
people use compost purchased from retailers as those using home-made compost. Quantitative fertilizer
use information provided by interviewees was not conclusive and therefore was not considered.

Since less than 10% of the interviewees’ produces compost, recycling of KW and GR is not part of
the baseline and those streams go to a landfill. Urine and feces go to the WWTP.

Only 20% of interviewees are positively disposed towards producing compost at home (30%
negative, 50% unknown). Reasons mentioned are either a ‘lack of space’ or ‘lack of knowledge’ and in
one case, the possibility of ‘attracting pests’. Furthermore, 63% of inhabitants are positively disposed
towards using urine. Those inhabitants that are not, give ‘lack of knowledge’ (2/3) and ‘hygiene’ (1/3)
as reasons.

Urine and feces mass and COD loads were calculated based on the literature [7,43]. N and P content
are calculated considering the food intake, as none is lost during metabolism [7,15], and they lie within
the range of N and P concentrations found elsewhere [53]. The difference between food intake and the
urine, feces, and KW flows for the mass and OM are assumed to be the result of human metabolism.
Table 1 shows the summary amount of the input flows calculated for the average inhabitant.

2.4.4. Resource Demand

Reusing the resources produced from households either in urban gardens, urban green
areas, or agriculture requires knowledge and assumptions about demand size, fertilization regime,
and nutrient availability.

Regarding the nutrient demand at household level, the average size of the household garden is
16 m2 (see Section 3.1), while at the municipal level, the area considered is 3.6 m2/p, which is the size of
the municipality green in Peñalolén [54].

As there is no information available on current fertilization in gardens or urban green, fertilization
demand is based on equilibrium fertilization. Equilibrium fertilization is a fertilization regime that
takes into account the plant nutrient uptake to determine the nutrient demand and is used as a way to
establish a minimized demand within the UHA [7]. For equilibrium fertilization, one would look at
the biologically available N and P in the fertilizer and compare this to the N:P of the crop in question
or the average value if the crop is unknown. An assessment of the N and P content of the total fresh
matter of 22 common horticultural crops by Fink et al. [52] found an average N:P of 6.3; within a range
of 4.3 to 8.5, this value is then considered here as average demand.

Regarding nutrient availability, considering that P can be quickly fixed into stable, unavailable
forms in the soil resulting in a low plant uptake efficiency and the unavailable fraction of P (also N)
will mineralize and become available over time [55], in this study, the available nutrient input is used
to determine short-term satisfaction of short-term nutrient demand, and the total nutrient input is
used for the long-term demand.
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2.5. Resource Recovery Options

Several options exist to treat OSW streams and recover nutrients. The technologies assessed in
this paper are composting, vermicomposting, and anaerobic digestion for garden and kitchen waste
and urine storage and struvite precipitation for urine.

2.5.1. Organic Residues Treatment

Composting is considered to be performed using KW and GR in open pile systems with manual
turning. The optimum C:N for a composting process is 20–30:1; a higher ratio results in N immobilization
in the initial phase, lowering the degradation rate due to suboptimal bacterial growth. A lower ratio
results in the release of mineral N early on in the process, causing odors [56] While P losses are minimal
at 3%, gaseous N losses can be substantial [57]. The exact amount of N and OM losses depend on
substrate composition and process conditions. Since the average composition of garden and kitchen
waste in Peñalolén is unknown, an average loss of 45% for N is considered [58–62] and 33% for
OM [58,60,61,63]. Of the total amount of nutrients present in the compost, 10% of the N and 50% of P
is in available form [7,64]. Through composting, the mass is reduced by about 50% [65].

Mass loss and P loss and availability after vermicomposting are the same as for regular
composting [60,65]. However, due to the worm activity, much less OM remains: 37% [60]. There
are also slightly higher N losses, 51%, but of the remaining N, more is present in available form:
24% [60,66]. No worm harvesting is considered.

After anaerobic digestion (AD), both the effluent and sludge can be used for fertilization. During
digestion, biogas, which consists of CH4 and CO2, is produced. Considering an average biogas
production from domestic residues of 0.55 m3/kg volatile solids (VS) with 75% methane content, there
is a 13% mass reduction [67]. The COD content of sludge (19% of input) and effluent (27% of input) are
assumed to have a 1.4 COD to OM ratio [7]. No N and P are lost and the availability of these nutrients
after AD is considered to be, on average, 18% for N and 45% for P [68]

2.5.2. Urine Treatment

Urine is assumed to be separately collected with passive urine-diverting toilet devices, where,
maximally, 75% of the urine is recovered. During storage, the OM degrades to a high degree, leaving
only 27% after one year [7]. The urine is collected and stored in sealed tanks to prevent losses of
ammonia. All nutrients are thus conserved [7]. Stored urine is a quick fertilizer and most N and P are
expected to be present in mineralized form [69].

Struvite (MgNH4PO4·6H2O; MAP) precipitation has been proposed and implemented for
recovering both ammonia and phosphate from human urine [70–73]. Struvite is a white crystalline
mineral that includes equal molar amounts of magnesium, ammonia, and phosphate. The recommended
operating pH range is 8.5–9.5. With struvite precipitation, 85% of the P can be recovered while N can
be recovered with a molar ratio 1:1 NH4 to PO4 or 0.46 N to P [74,75]. Struvite obtained from urine is a
clean fertilizer, does not contain any OM, and has a negligible concentration of micropollutants and
metals [76]. The possible presence of pathogens can be eliminated e.g., by air-drying [77]. Although
struvite is a slow-release fertilizer, all N and P is present in biologically available form [24,74].

3. Results

3.1. Baseline MFA

The resulting baseline MFA is shown in Figure 3; flows are presented in total mass and also OM,
N, and P. KW represents, in mass, 641 kg/hh/y, which is 24% of total, however it constitutes the highest
OM outflow, 160 kg/hh/y or 67%, whereas its N and P content represents 12% and 24% of the total
nutrient output. As expected, urine represents the biggest nutrient output with 77.5% and 52% of N
and P, respectively. There is potential to cover the garden demand of nutrients, which are shown as
negative flows in the figure.
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3.2. Alternative Scenarios

3.2.1. Household on-Site Scenarios

At the household level, KW and GR are assumed to be treated using AD in scenario 1 or
vermicomposting in scenario 2. Resources are recovered from urine with urine storage as the only
valorization technique in scenario 3. Compost is considered unsuitable to treat residues at the household
level given the lack of carbon-rich material required to equilibrate C/N and humidity, i.e., GR fraction
is too small and composition unsuitable to compensate for KW composition. Vermicomposting is
then preferred as it requires less carbon material and hand labor, plus this is the technology currently
promoted by the Peñalolén municipality within a pilot initiative for house on-site organic waste
treatment. Struvite precipitation is regarded as impractical for an individual household. In the three
scenarios, it is considered that inhabitants reuse the harvested resources from waste streams in their
own gardens for growing food.

Taking into account the average yield of fruit/vegetable produce per ha, including consumable and
non-consumable parts, the new GR production is 49 kg/hh/y [52]. This GR flow is still small compared
to the KW flow of 641 kg/hh/y and it is added either to the vermicomposter or the biodigester. For
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all three scenarios, the composition of the final product containing nutrients is calculated as shown
in Table 2, following the assumptions mentioned in Section 3.2.

Table 2. Amount and composition of the digestate, vermicompost, and stored urine that can be
produced in one year by an average household in Peñalolén.

Unit Mass TP av. P TN av. N OM

Digestate kg/hh/y 600 0.75 0.34 4.3 0.8 45

Vermicompost kg/hh/y 345 0.73 0.37 2.1 0.5 58

Urine storage kg/hh/y 1320 1.17 1.17 20.6 20.6 0

TP = total phosphorus, av. P = available Phosphorus, TN = Total Nitrogen, av. N = available nitrogen, OM =
organic matter.

Based on the KW and GR production of the average four-person household in Peñalolén, a 0.87 m3

vermicomposter should suffice [78]. For AD, the household organics input requires one unit of a
commercially available home-digester, resulting in a 0.5–2 m2 area requirement depending on the
model chosen [79,80]. The biogas production potential is 88 m3/hh/y, representing 9% of total energy
use per household per year in Chile [67,81]. Urine is collected using passive diverting urine devices
installed on conventional toilets; for hygienic reasons, the urine is stored for half a year before use.
For calculations, please refer to Appendix A.

3.2.2. Municipality Scenarios

Municipality scenarios are built taking into consideration the totality of Peñalolén households, i.e.,
63,294. In scenario 4, composting of all KW plus GR is considered. In contrast to the household level,
at the municipality level, sufficient carbon-rich material is considered to be available from municipal
green spaces. In total, 150 tons OSW/d are treated, requiring a composting facility of 14 ha (please refer
to Appendix A for calculations).

Scenario 5 considers AD at the municipal level using a sequential batch reactor with internal
liquid recirculation [25]. This model is chosen given its lower area demand and suitability to treat
OSW. A total of 3110 m3 volume is required to process the OSW of all inhabitants of Peñalolén and
3656 m2 total area, including operations [25,67] (see Appendix A for calculations).

Nutrient recovery from urine through struvite precipitation is considered in scenario 6; urine
storage in this case is 60 days and urine is considered to be collected using urine diversion toilets; all
technological parameters are taken from a detailed study recently performed [24], with the resulting
area requirement being 2720 m2.

The scenarios are shown in Figure 4, and the composition of the final products is shown in Table 3.

Table 3. Amount and composition of the digestate, compos, and struvite that can be produced at the
municipal level in Peñalolén per household per year.

Unit Mass TP av. P TN av. N OM

Digestate kg/hh/y 600 0.75 0.34 4.3 0.8 58
Compost kg/hh/y 345 0.73 0.37 2.4 0.2 120
Struvite kg/hh/y 8 0.99 0.99 0.4 0.4 0

TP = total phosphorus, av. P = available phosphorus, TN = total nitrogen, av. N = available nitrogen,
OM = organic matter.
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5, composting; scenario 6, struvite precipitation.

3.3. Scenario Performance

3.3.1. Self-Sufficiency Index (SSI)

Based on the composition of recovered flows, as shown in Table 2, SSI can be calculated.
This indicator shows to what extent the nutrient demand of each household is covered by means of
recovered flows. Calculated composition of the digestate based on inputs yields an available N (av.
N) to P ratio of 2.3 and a total N to available P (av. P) ratio of 12.7. Therefore, it matters significantly
whether the SSI is calculated based on total or available N or P. In the case of total N, under-fertilization
takes place in terms of P, and in the case of available N, over-fertilization of P occurs and due to
mineralization over the years, over-fertilization in terms of N as well. When considering a regime
based on available P, a shortage of available N for the first couple of years results, but a surplus of N
occurs over the years. Table 4 summarizes the previous showing the SSI for each case. Tables 2 and 4
show that urine storage and reuse recovers the most nutrients, while vermicomposting performs better
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with regard to available P recovery from OSW and AD is better for total and available N recovery from
the same flow. All SSIs calculated show that the fertilizer production per household is more than the
demand of the household garden, i.e., SSI < 0. Fink et al. [52] gives an average yield of marketable
produce of 77 t/ha/y. Using this figure in the household scenarios for meeting all nutrient demands,
a maximum 74 kg food/hh/y or 51 g/p/d can be produced for the average garden size, which is one-fifth
of the recommended vegetable intake [27].

Table 4. Self-sufficiency index (SSI), resource export index (REI), and waste output index (WOI) of total
nitrogen (TN), total phosphorus (TP), and organic matter (OM) for all scenarios (kg waste/kg input).

Self-Sufficiency Index (SSI) Resource Export index (REI) Waste Output Index
(WOI)

TN av. N TP av. P OM TN av.
N TP av. P OM TN TP OM

Scenario 1.
Household anaerobic

digestion
–12 –1.4 –14 –5.5 –8.4 7 0.4 7 2 4.0 –0.88 –0.76 –0.77

Scenario 2.
Household

vermicomposting
–5.5 –0.54 –13 –6.1 –11 3 –0.1 6 3 5.3 –0.94 –0.76 –0.74

Scenario 3.
Household urine
storage and reuse

–63 –63 –22 –22 1 63 62.5 12 22 –1.0 –0.42 –0.62 –0.99

Scenario 4.
Municipal anaerobic

digestion
6.6 0.40 6.6 2.4 4 –0.88 –0.76 –0.77

Scenario 5.
Municipal

composting
3.2 –0.58 6.4 2.7 12.8 –0.93 –0.76 –0.54

Scenario 6.
Municipal struvite –0.30 –0.30 9.0 9.0 –0.99 –0.68 –1.00

3.3.2. Resource Export Index (REI)

Based on the composition of recovered flows in municipal scenarios, as shown in Table 3, the REI
shows to what extent the nutrient supply exceeds the demand at municipal level. The REI resembles
the SSI, but in our calculation, the REI considers the expanded system limits that is the demand not
only from household gardens, but also from municipality green. The different REI are shown in
Table 4. Keeping in mind that an REI of 0 indicates solely self-sufficiency and a negative REI indicates
import rather than export of nutrients, what Table 4 shows us is that AD from KW and GR successfully
cover all nutrient requirements from household and municipality, whereas vermicomposting and
composting also suffice, except for the available N. Splitting the total demand shows that for available
N, composting can cover either 99% of municipality green or 74% of household garden demand. In the
struvite scenario, P demand is covered, and a surplus remains but 30% of total N demand needs to be
imported, and splitting the total demand between gardens and municipality green gives the option
for 122% of garden or 164% of municipality green demand. In all other scenarios, it is shown that the
demand can be more than covered and demonstrates opportunities for exporting nutrients in excess.

3.3.3. Waste Output Index (WOI)

The waste output index demonstrates to what extent export of wastes is avoided. Waste is defined
as those nutrients that are lost to the landfill, WWTP, or to losses to air, water, or soil during waste
treatment. Here, the demand from agricultural areas within the MRS is considered in order to minimize
nutrient losses. The WOI of all six scenarios is shown in Table 4. As a WOI of –1 means that resources
are exported as waste, the baseline has a WOI of –1.

Purely looking at the WOI as an indicator, scenario 3 with urine storage scores best with regard to
keeping N and P within the system. AD scores best in terms of nutrient recovery from OSW. As can
be observed, the WOI in Table 4 is in many occasions closer to –1 than to 0, meaning nutrients are
being lost. This is partly due to the fact that each scenario only looks at nutrient recovery from either
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OSW or urine. Given their complementarity, it is worth combining them. When scenarios 1 and 3 are
combined, an optimal resource recovery of 70% for N and 63% for P is reached. Nutrients that are still
lost are present in the feces stream and the urine that could not be separated by the urine-diverting
toilet (25%). For OM, composting gives the best recovery possibilities. Recovery from the urine stream
is negligible. The optimal OM recovery is, thus, 46% in scenario 5 (Table 4).

3.4. Economic Analysis

Scenarios were analyzed on their economic performance based on the methodology described
in Section 2. Cost and benefits of the baseline and proposed technological scenarios can be found
in Tables 5 and 6. Since municipalities usually pay per weight of waste disposed, the weight of
OSW is thus assumed to determine the current costs and potential for landfill savings (See Table 6).
These savings could better apply to the household level where no OSW transport would be necessary,
however for the municipal level, even though distances are expected to be shorter, the transport costs
are assumed to stay the same as the tariff is based on weight; in reality, this price could be diminished
once negotiations are undertaken. In future contracts, the municipality could negotiate lower prices
related to decreased MSW resulting in, for example, less pick-up moments.

In the case of struvite there is a need for extra transport as urine is currently only transported
through the sewer system. As current contracts for transport of municipal waste are weight based;
these costs are calculated in relation to weight as well.

The price for digestate, urine, and struvite are determined based on their nutrient content following
a pricing method proposed by the UK Environment Agency [21]. This also requires knowledge on the
potassium (K) content of the fertilizers, therefore an approximation is calculated based on average K
loads for kitchen waste and urine as found in the literature [15]. The reason that different prices are
considered for household-level and municipal-level digestate is that retail prices differ significantly
from those for agriculture. Since inhabitants would otherwise have paid retail prices for fertilizers,
those prices were used to calculate their benefits, while at the municipal level, lower prices are used
due to the larger quantities.

Table 5. Cost and benefits in USD of current domestic solid organic waste management
(landfill) and alternative technologies introduced in the technological scenarios (anaerobic digestion,
vermicomposting, and composting).

Unit Landfill 1
Household
Anaerobic
Digestion 2

Household
Vermin-

Composting 3

Municipal
Composting 4

Municipal
Anaerobic
Digestion 5

Costs

Operation $/hh/y 0 0 0 14 312

Transport $/hh/y 256 0 0 256 256

fees $/hh/y 103 0 0 0 0

Total costs $/hh/y 359 0 0 270 568

Benefits

Compost $/hh/y 0 0 0 36 0

Vermicompost $/hh/y 0 0 586 0 0

Digestate $/hh/y 0 6 0 0 7

Biogas $/hh/y 0 128 0 0 128

Total
benefits $/hh/y 0 135 586 36 135

Profit $/hh/y –359 135 586 –234 –432

Capital Investment $/hh – 1.506 186 120 1.237
1 [14]; 2 [21,79,80,82]; 3 [83,84]; 4 [22,85]; 5 [25].
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Table 6. Cost and benefits in USD for resource recovery from urine through urine storage and
struvite precipitation.

Unit Household
Urine Storage 1

Municipality
Struvite 2

Costs

Operation $/hh/y - 0

Transport $/hh/y - 39

Fees $/hh/y - -

Total costs $/hh/y - 39

Benefits

Stored urine $/hh/y 33 -

Struvite $/hh/y - 3

Total benefits $/hh/y 33 3

Profit $/hh/y 33 –36

Capital Investment $/hh 50 1.177
1 [86–88]; 2 [24]

The costs for municipal scenarios are based on projects of similar size found in the literature.
For composting, the original facility was designed for 40,000 tons of feedstock per year; this compares
well to our treatment need of 58,400 tons of OSW and GR per year [22]. In the case of the AD facility,
a sequential batch reactor of 3109 m3 was considered; the source that data were extrapolated from
considered a 910 m3 reactor, hence lower real investment could be the case due to economies of
scale [25]. Given that struvite applications are still limited at full scale, the struvite installation that is
used as a reference handles only 1920 m3 urine per year with a total cost of USD 78,293 [24]; this scale
is substantially less than our case of 84,000 m3/y and this scale difference may mean that, in reality,
the actual costs for a struvite installation in Peñalolén will turn out much lower in time, allowing for
its feasibility.

Interesting to note from Table 5 is that vermicompost is more profitable from the household
perspective than AD or compost. When inhabitants would use the vermicompost, they would save
(or sell and earn) four times more than they could from digestate plus biogas, due to the high market
price of vermicompost and the lower investment capital.

Table 6 shows a summary of the cost and benefit for each scenario of resource recovery from urine.
It can be observed that the economic value of the stored urine is higher than that of struvite; this has to
do with the pricing method used, which assigns a value to the nutrient content in the product; since N
and K content is much higher in urine than in struvite, the benefits calculated. Further, the economies of
scale are clearly visible when comparing household-level and municipal-level options for OSW. While
the municipality level options are more technified, the investment capital that is needed per household
is significantly lower than for the simple household vermicomposter. However, the municipality
installations do require costs for operation and transport, and especially the transport costs make it
that they do not run a profit. The NPV of resource recovery from urine through urine storage is $171
USD for household and the payback period is just two years. When we analyze the whole Peñalolen
municipality, the NPV reach $6,835,916 USD, considering that according to our survey 63% of the
population declare to be willing to reuse their urine.

Finally, Table 7 shows a summary of the cost–benefit analysis carried out for each scenario. We can
clearly see that, except for scenario 4, Municipal AD, all other scenarios are worth the investment,
showing positive NVPs and very short PP of four years or less.
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Table 7. Summary table for the cost–benefit analysis highlighting the cost savings, benefits, investment,
net present value (NPV), and payback period (PP) for each scenario.

$ Household AD Household
Vermin-Composting

Municipal
Composting Municipal AD

CostTUWMS 359 359 359 359

CostDVRF 0 0 270 568

BenfDVRF 135 586 36 135

Investment 1506 186 120 1237

N 12,659 12,659 31,647 31,647

NPV (per
household) 1809 6155 719 –1734

NPV (social) $22,896,987 $77,915,255 $22,746,603 –$54,861,531

PP (years) 4 1 2 -

Both household scenarios operate at a positive NPV from the perspective of the inhabitant, but also
from a social point of view. Indeed, considering that according to our survey 20% of households are
willing to implement such policies, the NPV is over $22 and $77 million USD for the household AD
and household vermicomposting policies, respectively.

On the other hand, only the Municipal composting scenario is profitable with an NPV of $719
USD per household. Interestingly, since about 50% of the household would agree to a Municipal
composting, the social NPV of this policy would be over $22 millions USD, very similar to the household
AD scenario.

4. Discussion

4.1. Feasibility of Achieving Nutrient Circularity through Decentralized OSW Solutions

In order to handle their own residues, a municipality in Santiago de Chile could choose between a
household on-site approach or a municipality facility.

From a household perspective, (i) disposition to reuse fertilizer, (ii) economic considerations,
and (iii) area availability are of interest to define feasibility of nutrient recovery through decentralized
solutions. There is potential coming from the almost 60% of inhabitants that are positively disposed to
use urine as a fertilizer. If urine recovery alone is implemented, urine storage alone would already aid
to resource recovery with 58% of N and 38% of P. Regarding nutrient recovery from OSW, N recovery
rates from vermicomposting are lower than from anaerobic digestion: 6% of N and 24% of P versus
12% of N and 24% of P, respectively. Still, vermicomposting can already cover the household nutrient
demand. Both vermicomposting and AD deliver profits due to sales or savings of vermicompost,
digestate, and biogas. However, for AD, these profits are lower, and the investment costs higher
as compared to vermicomposting. Additionally, vermicomposting uses two times less space; this
is expected to be available for most housing types in Peñalolén with a garden or balcony. Also, for
household AD, no space limitations are foreseen for the smaller version occupying 0.5–1 m2. Urine
storage, however, is only realistic for houses with a considerable garden or storage space as it requires
six times more space than vermicomposting, higher capital investment, and deliver lower profits.

At the municipal level, from a nutrient recovery perspective, AD shows higher nutrient recovery
rates than composting: 12% of N and 24% of P versus 7% of N and 24% of P, respectively. Adding
struvite precipitation to the possibilities for nutrient recovery at the municipal level would significantly
increase P recovery: 13% of N and 57% of P recovered considering AD + struvite. Regarding feasibility,
three constraints would have to be overcome: (i) Available land area, (ii) initial costs, and (iii) difficulty
for obtaining permits. From our analysis it is shown that composting has much larger land requirements
than AD but lower investment costs, and both of them would imply savings to the municipality. On the
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other hand, compost is the fertilizer type that people currently use and prefer the most. With respect to
struvite, due to high investment capital requirements and not delivering any financial profits, this is
less likely to be pursued.

Both vermicomposting at the household level and composting at the municipality level are
economically feasible options that would enable enough nutrients to be recovered to meet the
household or municipality demand despite the fact that available N content of those fertilizers is the
lowest compared to demand.

Since 76% of inhabitants are interested in UA, there is potential for them to produce food with
their nutrients. If they would use their own garden space, they could produce, on average, one-fifth of
their own fruit/vegetable demand using the valorized nutrients from their own OSW. When assuming
fertilizers are made available at the municipality level through the AD of OSW, nutrient recovery is
optimized, and reuse for household gardens and municipality green areas is exceeded, then nutrients
need to be exported to agriculture to allow for closing nutrient cycles. In total, 101 extra hectares could
be fertilized outside of the municipality while still providing one-fifth of vegetable consumption of
Peñalolén inhabitants.

Further research in terms of feasibility of circular reuse of nutrients at the city level can be
undertaken in several areas. First, there is a need to validate, on-site, several crucial factors by means of
pilot studies that, for example, allow measuring: Space availability, efficiencies in OSW separation and
resulting OSW composition, quality of the final products achieved though household OSW valorization
(including toxicity from cross-contamination with other residues), UA practices, productivities and
end-product quality, attitudes towards waste handling and consumption of food produced using
valorized OSW, the cost structures of the whole process, and the potential economies of scale.

At the city level, it would also be desirable to define urban typologies that allow for mapping;
in more detail, the possibilities for the decentralized options exposed is also of interest, particularly
area availability, and transport distances are foreseen as a major limitation.

In this same line, studies that allow measuring and comparing the success rates of the programs
already in motion is crucial, both within Santiago de Chile and elsewhere. Case comparison with cities
already pursuing decentralized collection and reuse can give us a better idea of the true cost of the
policy fostered by this research and the maximum benefits achievable not only in terms of nutrients
and waste handling, but on its overall attitude towards resources. Indeed, a potential benefit of people
taking care of their own residues is to change their consumption habits, which usually are the most
difficult to change and also the most effective in a circular economy; this is to REDUCE.

4.2. On the Social Benefits of Decentralized Valorization of Residual Flows

Usually, in a project appraisal, when environmental and social impacts are unquantified, the social
NPV is underestimated, since, implicitly, the negative externalities are valued at a price of zero, creating
biased results. This is the case in the presented analysis, as we performed a cost–benefit analysis using
private prices.

Therefore, we would like to stress that many other important benefits of the decentralized
valorization of residual flows are beyond the nutrient recovery, as follows. Firstly, the cost of landfilling
can only increase through time, as the discontent of the communities that have to deal with them
as neighbors is an enormous negative externality. Secondly, the transportation costs of waste can
also only increase through time, producing again immense negative externalities such as congestion
and air pollution. Thirdly, nutrients need to be brought back to the agricultural sector (and/or urban
agriculture) where food consumed in the city is being produced, causing negative impacts as well,
particularly resource depletion and indirect energy consumption. This is the worst part because society
must pay for getting rid of the nutrients and, later, must pay even more to bring them back to the
agricultural system.

In the same way, there are several positive externalities linked to the decentralized valorization of
residual flows. Firstly, people become more aware of their own residues production; since environmental
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consciousness is nowadays a key public policy aim in its own, we could argue that this could be the
most important benefit of this policy. Secondly, the investment and risk of the waste management
task is spreading among the population; this no doubt alleviates the municipal budget burden of the
initiative. Thirdly, the monitoring and control of this very important part of the waste management
system, the OSW treatment, could be improved as the treatment and disposal is done by the interested
party who directly perceives both the costs and benefits of their effort.

Hence, our performed economic analysis still underestimates the economic and social benefits
of this policy, concentrating on the savings of the direct private costs. Follow-up research is being
undertaken to approach this limitation.

5. Conclusions

OSW make up 48% of MSW in Chile. With this case study, performed in the Peñalolén municipality
within Santiago de Chile, we have assessed the potential and cost-effectiveness of closing nutrient
cycles using decentralized valorization techniques.

At the household level, our findings show vermicomposting is the most interesting technology for
OSW valorization considering self-sufficiency in nutrients, land requirement, and economic investment
and profits. Household vermicomposting can meet household and municipal nutrient demand,
even allowing for nutrient export in the case of P, even though its nutrient recovery potential reaches
6% of N and 24% of P considering total food intake. Important cost savings and economic benefits as
compared to the current disposal system are also the case; in particular, the NPV of vermicomposting
is $6155 USD per household and over $77 millions USD for the social NPV.

At the municipal level, land requirements and nutrient recovery make AD a more attractive
option; in particular, AD of KW and GR can meet 140% of nutrient demand of gardens and municipal
green. This nutrient demand relates to a nutrient recovery potential of 12% of N and 24% of P that
enters a household in the form of food. However, considering investment and its return, composting
turns out to be the most promising option at the municipal level. Nevertheless, interestingly, AD at
the household level outweights the economic benefits of municipal composting, being both profitable
from a household and social perspective.

Resource recovery from urine is not an attractive option for either municipality or inhabitants due
to space requirements when pursued at the household level and costs when reaching for the municipal
alternative. This implies missing out on a chance to recover up to 58% of N and 38% of P entering
the household.
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DFI Daily Food Intake
DVRF Decentralized Valorization of Residual Flows
Er Exportable resources
EUR Euro
GR Garden Residues
Ip Internal Production
K Potassium
KW Kitchen Waste
MFA Material Flow Analysis
MRS Metropolitan Region of Santiago
Mstruvite Struvite Mass
MSW Municipal Solid Waste
MWMAP Molecular Weight of Struvite
N Nitrogen
NPV Net Present Value
OM Organic Matter
OSW Organic Solid Waste
P Phosphorus
PP Payback Period
Qu Urine Flow
R Recycled
REI Resource Export Index
SEG Socio-Economic Group
SSI Self-Sufficiency Index
Ti Total Input
TUWMS Traditional Urban Waste Management System
UA Urban Agriculture
UHA Urban Harvest Approach
USD United States Dollar
VS Volatile Solids
WE Waste exported
WOI Waste Output Index
WWTP Waste Water Treatment Plant
∆CPO4-P Difference in Phosphorus concentration between the

influent and the effluent

Appendix A Calculations

NOTE: Literature sources and references for the assumptions shown are explained in detail within the main
text of the article.

Vermicomposting

Size of Vermicomposter

Assumptions:

• Kitchen waste and garden residue production is 719 kg per household per year
• A worm bin measuring 1 ft3 (= 1 ⁄35 m3) can process 1 pound (= 0.454 kg) of kitchen waste per week

(Angima et al., 2011)
• length vermicomposter is 1.5 m (common balcony depth)
• height vermicomposter is 0.90 m (common counter and balcony rail height)

OSW = 719/52 = 13.8 kg/hh/week

Volume vermicomposter = 13.8/0.454 = 30.5 ft3 = 0.87 m3

Depth vermicomposter = volume/length/height = 0.87 m3/1.5 m/0.9 m = 0.64 m
Ground area vermicomposter = length × depth = 0.64 m × 1.5 m = 1.0 m2
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Volumetric Efficiency

Assumptions:

• 50% volume reduction is achieved after the treatment

Vout = Vin × 0.50

Nutrient Efficiency

Assumptions:

• 49% of N is left after the process, of this 24% is in its mineralized available form
• 97% of P remains in the final product, of this 50% is in its mineralized available form

TNout = TNin × 0.49
Available Nout = TNout × 0.24
TPout = TPin × 0.97
Available Pout = TPout × 0.50

Composting

Amount of Carbon Rich Material to Add

To calculate the amount of carbon rich residue to add, the following equation is used:

Q2 =
Q1 ×N1 ×

(
R− C1

N1

)
× (100−M1)

N2 ×
(

C2
N2
−R

)
× (100−M2)

(A1)

where R is C/N ratio of the compost mixture, Q1 is the mass of KW (“as is”, or “wet weight”) C1/N1 = is Carbon to
Nitrogen ratio of KW, M1 = moisture content (%) of KW. Q2 is the mass of GR (“as is”, or “wet weight”) C2/N2 = is
Carbon to Nitrogen ratio of GR, M2 = moisture content (%) of GR.

• Assumptions used regarding waste composition for the equation are:
• Target C/N ratio of compost mixture R is 30
• Kitchen Waste: Moisture = 69%; N% = 3%; C/N = 15
• Garden Residues: Moisture = 15%; N% = 3.5%; C/N = 35
• Amount of KR = 721 kg/hh/y or 125 ton/yr for the whole municipality
• Extra carbon rich material to add daily is 35 tons of GR

Area = 544 m × 6 m × 30 m = 10 ha for composting
Total area = 10 × 200% = 20 ha including storage and operation

Size of Composting Facility

• Assumptions:
• KR production in Peñalolen is 125 ton/d
• Bulk density KR = 350 kg/m3

• Extra GR to add is 35 ton/d
• Bulk density GR = 250 kg/m3

• Retention time for compost maturation: 6 months
• Height of the compost pile is 1.2 m
• Extra area needed for composting facilities: 200%

Total area composting (m2) = (((125 ton/d × 1000 kg/ton × 565 kg/m3) + (35 ton/d × 1000 kg/ton × 250
kg/m3))/1.2 m) × 6 months × 30 d/month × 200%

Volumetric Efficiency

Volume reduction during the treatment is 50%

Vout = Vin × 0.50



Sustainability 2019, 11, 6206 21 of 26

Nutrient Efficiency

TNout = TNin × 0.55
Available Nout = TNout × 0.10
TPout = TPin × 0.97
Available Pout = TPout × 0.50
OM out= OM in × 0.67

Municipal Biodigester

Size of Biodigester

Assumptions:

• A sequential batch biodigester of 910 m3 can process 36.5 ton OSW/day and needs a floor area of 1070 m2

including operations [25]
• Domestic OSW production in Peñalolén is 125 ton/day
• OSW density is 350 Kg/m3

• Hidraulic Retention time is 8.7 days
• Digester height: 2 m
• Total area needed including operations is 235% of reactor area

Volume biodigester = 125 ton/d × 1000 kg/ton × 350 kg/m3
× 8.7 d = 3110 m3

Area biodigester = 3110 m3/2m × 235% = 3656 m2

Biogas Production

Assumptions:

• Kitchen waste and garden residue production is 719 kg per household per year
• Average biogas production from domestic residues is 0.55 m3/kg VS [67]
• OSW contains 0.37 kg VS per kg OSW [67]

Biogas production = 719 Kg/yr × 0.37 Kg VS/Kg × 0.55 m3 biogas/Kg VS = 146 m3/hh/y

Nutrient Efficiency

TNout = TNin
Available Nout = TNout × 0.18
TPout = TPin
Available Pout = TPout × 0.45

Urine Storage

Storage Volume

Assumptions:

• Urine production is 4.8 L per household per day
• 75% of urine produced can be captured for storage
• Urine needs to be stored for half a year
• Storage takes place in 60 L tanks
• Tanks have a diameter of 40 cm [87]
• Tanks have a height of 60 cm [87]

Urine volume to be stored = 4.8 L × 0.75 × (365/2) = 660 L s
Number of tanks needed = 660 L/60 L/tank= 11 tanks

Area required tanks= (11 tanks × 0.22
× 3.1416) = 1.38 m2 per household

Effective area needed= length ×width = 0.4 m × 11 tanks × 0.4 m= 1.8 m2

Nutrient Efficiency

TNout = TNin
Available Nout = TNout
TPout = TPin
Available Pout = TPout
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Struvite

Struvite Production

Assumptions:

• Urine production is 4.8 L per household per day, containing 4.28 g phosphorus per household per day
• Molecular weight of P is 31 g/mol
• 75% of urine produced can be captured for struvite production
• 85% of phosphorus in urine can be recovered
• Molecular weight of struvite is 245 g/mol
• The theoretical struvite mass can be calculated with the formula:

Mstruvite = Q ∗ ∆CPO4−P ∗MWMAP (A2)

Mstruvite struvite mass [kg/d]
Q urine inflow [L/d]
∆CPO4-P difference in phosphorus concentration between the influent and the effluent [mol/L]
MWMAP molecular weight of struvite [kg/mol]

CPO4-P, in = 4.28 g P/ 31 g/mol/4.8 L × 0.75 = 0.215 mol P/L urine
Struvite production = 4.8 L × (0.85 × 0.215) × 0.245 × 365 = 7.8 kg/hh/y

Area Requirement

Assumptions:

• Urine production is 4.8 L per household per day
• Average household size in Peñalolén is 4 people
• Population of Peñalolén is 253,175 people
• 75% of urine produced can be captured for struvite production
• 0,2 m2/m3 struvite
• 60 d storage time

Urine input = 4.8/4 × 253,175/1000 × 365 = 83,168 m3/y
Area required = (83,168 m3/y/365 d/y) × 0.2 m2/m3

× 60 d/10000 ha/m2 = 0.272 ha
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