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ABSTRACT 

Efficient recycling of nutrients from sewerage systems to agriculture, i.e. small losses of 
nutrients and an efficient use of other physical resources, is considered necessary to achieve 
sustainable sewerage systems. An efficient recycling of nutrients will also reduce the negative 
impact on the recipients of discharges of wastewater. 

The difficulty of guaranteeing the quality of sludge and the limited possibilities to recycle 
nutrients such as nitrogen and potassium within existing systems could be regarded as 
incitements to develop source separation systems. A design tested in Sweden is to handle 
human urine separately and use it as a fertiliser. However, a complementary system for 
collection of phosphorus, not originating from the urine, is needed to achieve an overall 
efficient recycling of nutrients. For such a system it wil l probably be necessary to dewater 
some kind of sludge. For relatively small scale systems, local natural sludge dewatering could 
be an interesting alternative. A full-scale pilot plant for natural sludge dewatering, combining 
freezing/thawing and drying, was evaluated. Complementary studies were performed in 
laboratory experiments and pilot tests. The concept tested was successful, i.e. a satisfactory 
dewatering result was achieved. During the dewatering process, the losses of phosphorus were 
negligible and the losses of nitrogen about 10 %. Local treatment will result in less transport 
of sludge but a reduced possibility to utilise the organic matter in the sludge. 

Potential drawbacks to urine handling systems are the risk of ammonia evaporation and the 
relatively large volumes that need to be handled. The amount of urine solution may be 
reduced by using drying techniques provided that ammonia evaporation is avoided. One 
method to reduce this risk is to prevent the decomposition of urea to ammoniacal nitrogen by 
adding small amounts of acid to the fresh urine before storage. The results from laboratory 
experiments performed indicate a potential to use acid to prevent decomposition of urea 
during storage of urine. 

An urine separation system in a village in northern Sweden was investigated. About half of 
the nutrients in the urine disposed to the toilets were successfully collected. Further, the 
collected urine was relatively diluted, mainly due to leakage of drainage and ground water into 
the urine pipe system. 

Exergy, i.e. the useful part of the energy, analyses have been used to compare the use of 
physical resources to operate different sewerage systems, e.g. systems with urine separation 
toilets. The analyses show that urine separation technology may be an interesting alternative to 
conventional wastewater systems. However, it is necessary that the organic matter is handled 
properly. A significant part of the exergy consumption in a urine separation system is due to 
the transport and spreading of urine. Thus, the analysis indicates that the exergy consumption 
could be significantly reduced i f the volume to be transported could be reduced for those 
systems. 
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could be significantly reduced i f the volume to be transported could be reduced for those 
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SAMMANFATTNING 

En hög aterföringsgrad av närsalter från avloppssystem till jordbruksmark anses nödvändigt 
för att erhålla uthålliga avloppssystem. Ett argument för detta är behovet av att hushålla med 
ändliga resurser som exempelvis brytvärda fosforfyndigheter. En hög aterföringsgrad av 
närsalter innebär även att utsläppen av eutrofierande ämnen minskas. För att klara kraven på 
uthållighet bör även förbrukningen av fysiska resurser (el, kemikalier, drivmedel etc.) för att 
driva avloppssystemen minimeras. 

Ett bristande förtroende för slammet från befintliga avloppsanläggningar som 
fosforgödselmedel samt de begränsade möjligheterna att via de befinüiga systemen återföra 
närsalter som kväve och kalium är viktiga anledningar ti l l att olika källsorterande 
avloppssystem föreslagits. Ett system som testats i Sverige är system med urinsorterande 
toaletter, där urinen samlas upp separat och används som gödselmedel. Dock behövs ett 
kompletterande system för att ta hand om de närsalter som finns i andra fraktioner än urin. Ett 
sådant system kommer med stor sannolikhet att generera ett slam som måste behandlas. Vid 
mindre anläggningar kan då lokal awattning av slammet vara ett intressant alternativ. En 
fullskaleanläggning, belägen vid ett mindre reningsverk i norra Sverige, för awattning av 
slam genom en kombination av frysning/tinande och torkning har utvärderats. Kompletterande 
studier gjordes i pilot- och labskala. Det prövade konceptet fungerade bra, det vil l säga ett 
tillfredsställande awattningsresultat erhölls. Förlusterna av fosfor var försumbara och 
förlusterna av kväve var cirka 10 % under avvattningsprocessen. En lokal, naturnära, 
slamhantering kommer att ge ett minskat transportbehov, men också begränsade möjligheter 
att nyttja det organiska materialet i slammet för energiåtervinning. 

Tänkbara nackdelar med urinsorterande system är bland annat risken för ammoniakavgång 
samt de relativt stora volymerna som måste hanteras. En metod att reducera risken för 
ammoniakavgång är att tillsätta syra ti l l färsk urin - före lagring - för att förhindra 
nedbrytningen av urea t i l l ammonium. Om bildningen av ammoniak förhindras torde det även 
bli möjligt att reducera volymerna, utan betydande närsaltförluster, genom torkning av 
urinlösningen. Resultat från laboratorieförsök visar att det finns en potential för att använda 
syra för att hämma nedbrytningen av urea vid långtidslagring av urin. 

Ett urinsorterande system i en by i norra Sverige har undersökts. Ungefär hälften av den 
näring som fanns i urinen samlades upp i lagringstankarna. Den uppsamlade urinen var 
relativt utspädd, främst på grund av inläckage av drän- och grundvatten. 

Exergianalyser har gjorts för att jämföra resursförbrukningen mellan olika avloppssystem, 
däribland system med urinsorterande toaletter. Resultaten visar att införandet av 
urinsorterande toaletter kan vara ett intressant alternativ ti l l konventionella 
behandlingsmetoder. I exergianalysen får hanteringen av det organiska materialet stort 
genomslag; möjligheterna för metangasproduktion är viktiga. I urinsorterande system står 
hanteringen, inklusive transporter, av urinlösningen för en betydande del av den totala 
exergiförbrukningen, varför en volymreduktion är önskvärd för att minska 
exergiförbrukningen för denna typ av system. 
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PREFACE 

The main part of the work on this thesis was carried out at the Division of Sanitary 
Engineering, Luleå University of Technology. The field work for studying the natural sludge 
dewatering (Papers I-ILT) was carried out at Lövånger wastewater treatment plant located about 
50 km south of Skellefteå in northern Sweden. The investigation of the urine separation 
system in Paper IV was performed in an ecological village located about 5 km from Luleå in 
northern Sweden. 

When this work begun, there were several ideas available about how the sewerage nutrient 
management should be improved. However, most of those ideas had only been tested to a 
limited extent. Further, there were also a number of practical implications to be evaluated 
before the ideas could be implemented to a larger extent in full scale systems. Thus, 
uncertainties about how the sewerage management ought to be improved resulted in a strategy 
based on experimental work with components supposed to be beneficial for nutrient recycling. 
The experimental work has been complemented by comparisons of the utilisation of physical 
resources within different alternatives for sewerage nutrient management. Thus, this thesis 
consists of nine Papers from three projects. Papers I-ILT, of which one was included in the 
Licentiate thesis, present results from a full scale pilot plant employing dewatering of sludge 
from a small wastewater treatment plant by combining freezing/thawing and drying. The 
subject in Papers IV-VI is urine separation systems. In Paper IV, an investigation of an urine 
separation system within an ecological village is presented. In Papers V and V I , a strategy to 
reduce the risk of nitrogen losses during storage and handling of urine solution is tested in 
laboratory experiments. Finally, in Papers VLT-LX exergy analysis is used to compare the 
utilisation of physical resources within different alternatives for sewerage nutrient 
management. 
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1 

1 Background 

1.1 Criteria for Sustainable Sewerage Systems 

Efficient recycling of nutrients from sewerage systems to agriculture is necessary in order to 
achieve a system that could be considered as sustainable, i.e. the system should "meet the 
needs of the present generations without compromising the ability of future generations to 
meet their own needs" (WCED, 1987). Even i f such a definition is unquantifiable and 
unverifiable, it implies that the sustainability of a system includes an efficient use of physical 
resources and a limited use of non-renewable resources (Pearce and Turner, 1990, p.44). 
Another implication of the definition of a sustainable system is the concern about the 
conditions in the recipient, i.e. "the physical conditions for production and diversity within the 
ecosphere must not systematically be deteriorated" (Holmberg, 1995). 

Phosphorus rich minerals, i.e. rock phosphorous, is an example of a limited resource (Smil, 
1990; Swedish EPA, 1997a). Today, the main source of external phosphorus to agriculture is 
rock phosphorous (Günther, 1997) and almost 90 % of the mined phosphorus is utilised as 
fertilisers (Swedish EPA, 1997a). About 70-80 % of the phosphorus exported from the 
agricultural sector in vegetables and animal products is passing through sewerage systems 
(Swedish EPA, 1997a). Hence, the potential of the sewerage system to collect phosphorus and 
make it available as a fertiliser is an important factor in reducing the use of a limited resource. 

Nitrogen compounds such as ammonium and nitrate are other important fertilisers that are 
used in agriculture. The production of nitrogen fertilisers requires a considerable amount of 
energy of high quality (Bøckman et al., 1990), i.e. exergy. In addition, it should be 
remembered that to achieve removal of nitrogen from sewage by conventional methods, such 
as nitrification and denitrification in a biological nitrogen removal process, an extra input of 
electricity and other physical resources are needed. 

Discharge of nutrients, such as phosphorus and nitrogen, are considered to be a problem 
because of their effects in accelerating eutrophication of different recipients (Swedish EPA, 
1993; Swedish EPA, 1997a; Swedish EPA, 1997b). Hence, an efficient recycling of nutrients 
not only reduces the need of commercial fertiliser but also reduces the negative impact on the 
recipients of discharges of wastewater. 

1.2 Existing Systems 

Existing sewerage systems have primarily been designed to guarantee public health and to 
protect the recipients. The technical solution normally consists of a sewer system that collects 
the wastewater and transports it to a treatment plant. The concern about the problem of 
eutrophication have resulted in various solutions to remove nutrients from wastewater (Jansen 
et al., 1993; Metealf & Eddy, 1991; Randall et. al, 1992; WEF and ASCE, 1992). In Sweden 
the most common solution has been to remove phosphorus by using chemical precipitants, 
because phosphorus has been identified as a factor limiting growth. An increased concern 
about the environment in coastal areas has also resulted in an upgrading of treatment plants to 
include biological nitrogen removal from wastewater (Swedish EPA, 1997b). 

The use of chemical precipitants at wastewater treatment plants means that most of the 
phosphorus entering a treatment plant will be precipitated and bound to a sludge. However, 
only limited amounts of other nutrients such as nitrogen and potassium are bound to the 
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sludge (Metealf & Eddy, 1991). Hence, i f the treated wastewater is not used for irrigation, the 
nutrients wil l be lost for further utilisation on farmland. The addition of a biological treatment 
step for nitrogen removal does not change this situation, because this method is based on 
nitrification and denitrification and the nitrogen compounds are transformed to nitrogen gas. 

Phosphorus bound to the sludge makes the sludge interesting as a phosphorus fertiliser. 
Unfortunately, not only phosphorus is bound to the sludge, but also toxic compounds that 
derive from the wastewater. It should be mentioned that the concentrations of toxic 
compounds in sludge in Sweden have decreased during the last decades, primarily due to 
reduced discharges from industries into the public sewerage system (Swedish EPA, 1989 and 
Swedish EPA, 1993). It should also be mentioned that the Swedish limits for contaminants 
allowed in sludge are low from an international perspective (Ekvall, 1995). In spite of this, the 
quality of the sludge is not fully trusted among agriculturalists and food producers. One 
uncertainty is the difficulty of guaranteeing the quality of all sludge and the risk of the 
presence of hazardous compounds in the sludge that have not been analysed. These 
uncertainties may to some extent be explained by the magnitude of the system. There is a risk 
that a large system might become anonymous, and that the common users might feel little 
responsibility for what they put into the system. 

1.3 Components for Improved Nutrient Management 

The difficulty of guaranteeing the quality of sludge and the limited possibilities to recycle 
nutrients such as nitrogen and potassium within existing system could be regarded as 
incitements to develop source separation systems, i.e. systems designed to separate different 
wastes such as faeces, urine and greywater1 before they are mixed. 

There are several proposals of how a source separation system should be designed (Wolgast, 
1993; Jenssen and Skjelhaugen, 1994 and Malmqvist et al., 1995). Not only should an 
efficient recycling be achieved, but also other criteria such as minimising the risk of infections 
and guaranteeing acceptable sanitary conditions should be accomplished. There are also 
sociological and economical aspects to consider. Further, the experiences of the proposed 
components that could be used to improve the recycling of nutrients in sewerage systems are 
limited. Hence, an investigation of such components would be beneficial for the development 
of an improved nutrient management. 

A design of a source separation system that has been tested in Sweden is to handle urine 
separately and use it as a fertiliser (Paper TV and Jönsson et al., 1997). An important reason 
for this strategy is that the urine is the source of about 80% of the nitrogen, 60 % of the 
potassium and 50% of the phosphorus normally found in domestic wastewater (Swedish EPA, 
1995). Further, the content of heavy metals is relatively low in the urine (Jönsson et al., 1997). 
Another advantage of urine separation is the reduced need for nitrogen removal processes at 
the treatment plants. An evaluation of an urine separation system within an "ecological" 
village is presented in Paper IV. 

A significant part of the phosphorus is found in other fractions than urine. Thus, a high degree 
of nutrient recycling cannot be achieved only by the separation of urine. This means that a 
complementary system for collection of phosphorus is necessary to achieve an overall 
efficient recycling of nutrients. This complementary system could be the existing systems for 

1 wastewater from sinks, laundries, baths and showers 
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transport and treatment of wastewater. As mentioned above, the wastewater treatment process 
will generate considerable amounts of sludge to be dewatered. For relatively small scale 
systems, i.e. less than 5 000 pe, natural sludge dewatering could be an interesting alternative. 
By the use of this process it becomes possible to avoid transport of sludge from smaller plants 
to central plants to be dewatered by mechanical equipment such as centrifuges. In addition, 
the transport of dewatered sludge to a suitable farmland is probably reduced because there are 
often more agricultural areas available near small plants. Dewatering sludge at smaller 
treatment plants also often means that the mixing of sludges of different qualities is avoided. 
A facility for natural dewatering of sludge from a small wastewater treatment plant (1200 pe 
connected) is presented in Papers I-III . 

An extended use of urine separating toilets will result in an increased amount of transport of 
urine solution. Further, experiences from agriculture show that the energy demand, the soil 
compaction and the required time are considerably lower for spreading concentrated products 
such as commercial fertilisers compared to spreading of diluted products such as urine 
(Godwin et al, 1990 and Rodhe and Johansson, 1996). The disadvantages connected with 
spreading a diluted product could to some extent be reduced by improved technical solutions. 
The disadvantages could be further reduced i f the nutrients in the urine solution could be more 
concentrated, i.e. the volume of the urine solution should be reduced (e.g. by using drying 
techniques). 

Another potential drawback with urine handling systems is the risk of ammonia evaporation 
during collection, storage, transport and spreading. Experiences from existing systems (Paper 
IV and Jönsson et al., 1997) indicate that the losses normally are small during collection and 
storage. Experiences from the spreading of animal urine show that nitrogen losses can be large 
(Rodhe and Johansson, 1996). Further, the possibilities to dewater urine by drying without 
significant losses of nitrogen are limited by the risk of ammonia evaporation. One method to 
reduce this risk is to prevent the decomposition of urea to ammoniacal nitrogen by adding 
small amount of acids to the fresh urine before storage (Papers V and VI). 

1.4 Demand of Physical Resources in Sewerage Nutrient Management 

Efficient recycling of nutrients does not only imply minimised losses of nutrients but also an 
efficient use of other physical resources to maintain this process. Several studies, comparing 
the use of physical resources for various sewage treatment system alternatives, have been 
performed (Paper IX). In those studies the use of physical resources are often related to the 
energy content of certain flows or the energy utilised to produce those flows. However, such a 
comparison could give misguiding results i f the differences of energy qualities are not 
considered. Thus, to consider the differences in energy quality, exergy analyses have been 
used to compare the use of physical resources within different sewerage systems (Papers VII-
IX). The term exergy is defined as that part of the energy that is convertible into all other 
forms of energy (Wall, 1977). Hence, exergy could be regarded as the useful part of the 
energy, i.e. the part that can perform mechanical work. 

2 Major Results 

2.1 Natural Sludge Dewatering (Papers I-III) 

A full-scale pilot plant for natural sludge dewatering, located at a small (i.e. 1200 pe 
connected) wastewater treatment plant in northern Sweden employing primary precipitation, 
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was evaluated. The facilities for the sludge dewatering process included three types of outdoor 
ditches: a freezing ditch for the winter months, a drying ditch for the early summer months, 
and a combined drying-freezing-thawing-drying ditch (DFTD ditch) for sludge produced in 
late summer and early autumn. The effects of natural sludge dewatering methods on the 
content of nutrients and organic matter in the sludge were further investigated in small-scale 
pilot tests and laboratory experiments. The pilot tests sludge dewatering units consisted of 
bags (2 m 3 each) rigged in steel racks installed at the aforementioned treatment plant. The 
laboratory experiments were performed indoors utilising small plastic boxes (3 litre each) for 
sludge freezing and drying. 

The concept of combined natural treatment methods for sludge dewatering was successfully 
used, i.e. a satisfactory dewatering result was achieved. The plant showed great flexibility 
considering routines for sludge application, and a robustness to unexpected weather 
conditions such as warm spells in the wintertime (Paper I). By combining the different 
treatment methods, i.e. freezing/thawing and drying, at least one bed or ditch could always be 
available for the application of fresh sludge . Hence, it is possible to achieve all-year round 
local sludge dewatering in a climate similar to that in northern Sweden. 

In Paper I I , practical aspects such as odour, interference from surroundings and freezing 
problems were discussed. Further, the routines for sludge application and harvest were 
evaluated. A cost comparison showed that the local natural treatment is a promising 
alternative to transporting the sludge to a central wastewater treatment plant for further 
treatment. However, sludge treated at the central treatment plant may be stabilised in an 
anaerobic digestion process producing methane gas. In the local alternative the energy content 
of the organic matter in the sludge will only be used indirectly as a soil conditioner. In 
addition, the freezing and thawing of sludge will promote an aerobic degradation of organic 
matter, i.e. the composting process (Paper III), and thus reduce the energy content of the 
sludge. 

Estimation of the losses of nutrients (Paper III) through drainage water analyses from the 
full-scale plant, and through laboratory experiments suggested that losses of phosphorous 
would be negligible and losses of nitrogen due to drainage would be about 10 % of the initial 
content of nitrogen in undewatered sludge. Considering that more than 70 % of the nitrogen is 
lost in the water treatment process the losses during the dewatering process are of minor 
importance to the overall result. 

2.2 Source Separation of Urine (Papers IV-VI) 

2.2.1 Evaluation of an Urine Separation System (Paper IV) 

An urine separation system in an "ecological" village of northern Sweden was investigated. 
The sewerage system was equipped with urine separation toilets. Thus, the urine was 
supposed to be collected separately and led through a pipe system to a collection tank for 
urine. However, measurements of nitrogen showed that only about half of the human urine 
disposed to the toilets were successfully collected. Further, the collected urine was relatively 
diluted, mainly due to leakage of drainage and ground water into the urine pipe system and to 
some extent due to the construction of the toilets. 
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2.2.2 Storage of Urine (Papers V and VI) 

Paper V focuses on how the decomposition of urea was affected by different storage 
conditions such as temperature, addition of acid, addition of wastewater and dilution with 
water. The results from storage of urine solutions in laboratory experiments show that the 
decomposition of urea could be inhibited by the addition of sulphuric acid. Further, the 
addition of wastewater dramatically increased the rate of decomposition of urea. An increased 
temperature also increased the rate of decomposition, while the effect of dilution was less 
obvious. 

In Paper VI , the results of further investigations of the effects of different storage conditions 
and the test of different amounts of added acids to inhibit the decomposition are presented. 
The results show that an one-time dosage of 30 mmoles sulphuric or 60 mmoles acetic acid 
per litre undiluted urine in the beginning of the storage period could inhibit the decomposition 
of urea during more than 100 days of storage in cans with multi-time dosages of urine. The 
addition of 30 mmoles sulphuric acid per litre undiluted urine could be compared with the 600 
to 650 mmoles of hydrochloric acid that was necessary to reach the same pH after complete 
decomposition of urea. 

Hence, the results from the performed laboratory experiments indicate a potential to use acid 
to prevent decomposition of urea during storage of urine. 

2.3 Exergy Analyses (Papers VH-IX) 

Paper V I I exemplifies how an exergy analysis may be used to estimate the consumption of 
physical resources at a wastewater treatment plant. Flows included in the analysis were the 
wastewater heat, chemicals used in the treatment process, organic matter and nutrients in the 
wastewater and in the sludge, and electricity used for operation and heating. In Papers VIII 
and IX exergy analyses were used to compare the consumption of physical resources for 
different sewerage systems, e.g. systems with urine separation toilets. The flows considered in 
the analyses in Papers V I I I and IX are those related to management and treatment of organic 
matter and nutrients, which include the transport of residuals such as sludge and urine to 
farmland (and also the spreading of urine in Paper IX). Further, the exergy flow due to the 
heat of the wastewater is considered in Paper VIII . Paper VIII also includes an analysis of 
the mass-flows of phosphorus and nitrogen for the smdied systems. In Paper IX, the influence 
of factors such as the magnitude of the system, the access to farmland and the concentration of 
the collected urine are studied. 

If nitrogen removal is considered to be important, the analyses show that the installation of 
urine separation toilets may be an interesting alternative to conventional nitrogen removal 
processes. Further, the results indicate that the local treatment alternative with source 
separation of urine is an interesting alternative i f it is possible to utilise the organic matter 
efficiently. However, it should also be remembered that the local treatment alternative is 
based on area-demanding techniques such as infiltration sites or constructed wetlands. 

The magnitude of the system, as well as the access to arable land, will have a significant 
influence on the exergy consumption for systems using urine separation. The exergy 
consumption in urine separation systems will also be highly dependent on the degree of 
dilution of the collected urine. Thus, to reduce the exergy consumption it is necessary to 
increase the concentration of nutrients in urine solution. 
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3 General Conclusions 
The installation of urine separation toilets could be regarded as one possible strategy to 
improve the efficiency in sewerage nutrient management. Evaluation of urine separation 
systems, based on the existing design, show that the efficiency could be improved if the 
volume of urine solution to be handled is reduced. Performed studies indicate a potential to 
use acids to inhibit the decomposition of urea during storage of urine. Thus, it would be 
possible to dewater urine with drying techniques. Furthermore, an inhibition of the 
decomposition of urea will reduce the risk of ammonia evaporation. 

Local dewatering of sludge by using freezing/thawing and drying techniques could be 
considered as one component for improved nutrient management. However, the exergy 
analyses show that the possibilities to utilise organic matter is important for the total 
consumption of physical resources within a sewerage system. 
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PAPER I 

Natural Sludge Dewatering: 
Combination of Freezing, Thawing, and Drying 

as Dewatering Methods 



NATURAL S L U D G E DEWATERING. 
I : COMBINATION O F F R E E Z I N G , THAWING, 
AND D R Y I N G AS DEWATERING METHODS 

By Daniel Hellström1 and Elisabeth Kvarnström2 

ABSTRACT: A Swedish full-scale pilot plant employing all-year-round natural 
sewage sludge dewatering is presented in this paper. The treatment includes three 
different types of outdoor ditches: a freezing ditch for the winter months, a drying 
ditch for the early surnrner months, and a combined drymg-freezmg-thawing-drying 
(DFTD) ditch for sludge produced in late summer and early autumn. The test period 
included two consecutive winters. Complete freezing of the sludge was achieved 
in the first winter in contrast to the second when incomplete freezing of the sludge 
occurred due to an unusually warm winter. The dry matter content for the freezing 
ditch was, at the harvest in August, 30-70% of the first test year. The second test 
year yielded a sludge with a dry matter content of 20-40% in the freezing ditch. 
The final dry matter result for the DFTD ditch was 20-40%. The summers included 
were similar to the extent that both late summers were unusually warm, helping to 
produce sludge of high final dry matter content. The first svimmer, being somewhat 
warmer and with a lower sludge loading, yielded a sludge of 60-90% dry matter 
in the drying ditch. The second summer, when the sludge load was approximately 
double the preceding year, resulted in a sludge of 20-60% dry matter. 

INTRODUCTION 

Sludge conditioning and dewatering can be costly problems to solve for 
small wastewater-treatment plants in Sweden. Conventional pieces of equip
ment, such as belt filter presses and centrifuges, are too expensive for a small 
treatment plant to acquire. One solution is to transport the sludge from the 
smaller plants into a central plant that often has more sophisticated and ex
pensive dewatering and treatment equipment such as digestion tanks and cen
trifuges. This solution is, however, not very efficient. First, it means hauling 
sludge containing more than 90% water several miles from places that are 
remote and isolated, which is often the case in northern Sweden. This alter
native is expensive, considering the associated costs of personnel, equipment, 
and fuel. Another drawback of this solution is the mixing of sludge from 
smaller plants, relatively low in heavy metal content, with sludge of inferior 
quality originating from the central plant. This course of action decreases the 
possibility of utilizing the sludge from smaller plants in agriculture. 

Another approach to sludge treatment at smaller wastewater-treatment 
plants is to emply natural sludge treatment methods. These include drying 
and freezing in a temperature climate. These methods must be combined in 
a northern country such as Sweden to avoid storing facilities for the sludge. 
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O B J E C T I V E S 

The objective of the present project was to evaluate an all-year-round con
cept of natural sludge dewatering by combining freezing-thawing and drying 
processes. The object studied was a full-scale sludge dewatering facility, treat
ing sludge from a small wastewater-treatment plant located in northern Swe
den. The dewatering results were studied by investigations of the dry matter 
content for each component of the sludge dewatering facility. The present 
paper also describes how the different components of the sludge dewatering 
facility were used during the different seasons. 

B A C K G R O U N D 

Freezing Beds 
Freezing and thawing as an efficient method of sludge conditioning has 

been used for many years and is well represented in the literature. It is known 
that nondewatered sludge freezes approximately at the same speed as water 
(Reed et al. 1986; Farrell et al. 1970). The freezing of sludge is, however, 
much more complex due to its content of electrolytes, microorganisms, and 
organic and inorganic particles (Vesilind and Chen 1994). The mechanism 
by which the increased dewaterability is achieved when sludge is undergoing 
freezing-thawing is not well understood (Vesilind and Martel 1990), and dif
ferent models have been presented over the years. It seems, however, that 
the first separation of sludge particles and water is achieved when water 
freezes to ice, as presented next. 

When water freezes it cannot accommodate any impurities without severe 
strain, since the ice crystal has great symmetry and regularity. Hence, im
purities, such as sludge particles, are rejected from the advancing surface of 
a growing ice crystal, provided a sufficiently low freezing velocity is em
ployed (Chalmers 1959). A transportation of impurities is thereby obtained 
form the advancing ice front (Corte 1962; Logsdon and Edgerley Jr. 1971; 
Cissé and Boiling 1971; Ezekwo et al. 1980; Halde 1980; Vesilind and Martel 
1990). 

The second phase of the process of sludge particle and water separation is 
not well known, and different hypotheses have been presented over the years. 
Doe et al. (1965a) suggest that the dramatic increase in dry matter content 
obtained by the freeze-thaw cycle is due to the expansion of ice, which then 
compresses the sludge to more dense particles. Another model is suggested 
by Vesilind and Martel (1990), where the dehydration of floes is due to 
extraction of sludge water by the surrounding and growing ice crystals. 

The separation of sludge particles and water is irreversible as long as the 
sludge after thawing is not subjected to high shear forces (Ezekwo et al. 
1980; Baskerville 1971). The final separation is obtained when the released 
water drains away upon thawing, leaving a porous medium of about 20-
30% dry matter (DM) content. 

The importance of complete freezing of the sludge has been stressed in 
the literature (Doe et al. 1965b; Clements et al. 1950). Farrell et al. (1970) 
concluded, after experimentation, that the filterability of a completely frozen 
sludge is superior to that of a partially frozen one. 

Natural dewatering of sludge in outdoor freezing beds has been described 
by Hernebring and Lagesson (1986), for example. Farrell et al. (1970) sug
gested sludge application in min layers in order to avoid snow problems. 
Reed et al. (1986) recommended a layer thickness of 8 cm, which was 
adopted by Martel (1989) in his presentation of the freeze-thaw concept as 
a unit operation for sludge dewatering. 
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Drying Beds 
The use of sand drying beds for natural dewatering is a well-known 

method. However, most of the experiences obtained are from plants with 
mechanical and/or biological wastewater-treatment processes. The plants are 
mostly located in warmer climates than the treatment plant described in this 
paper. Most of the open drying beds are designed for 50-125 kg DM/m2/yr 
(WEF 1992). 

Drying-Freezing-Thawing and Drying (DFTD) Beds 
The early suggestions for freezing beds were simple outdoor sludge la

goons where a single thick layer of sludge was to be frozen during the winter 
months (Bishop and Fulton 1968). Rush and Stickney (1979) suggest both 
freezing and drying in the same bed to achieve the required dewatering of 
the sludge. The drying-freezing-thawing and drying concept presented in this 
paper is similar to that presented by Rush and Stickney (1979). 

Freezing and Drying Beds Combined 
Hernebring and Lagesson (1986), Reed et al. (1986), and Martel (1993) 

all suggest a combination of sludge freezing and drying in order to obtain a 
satisfactory sludge dewatering all year round. 

D A T A F O R L Ö V Å N G E R W A S T E W A T E R T R E A T M E N T P L A N T 

The treatment plant has approximately 1,200 person equivalents connected 
and employs primary precipitation in which the phosphorus is removed from 
the effluent using aluminum sulfate (AVR). The sludge production is about 
500 mVyr, and the local sludge treatment at the plant includes a sludge thick
ener, polymer addition, and storage. The storage facility has a capacity of 
approximately two weeks of sludge production. 

F U L L - S C A L E P I L O T P L A N T D A T A 

The design of the full-scale pilot plant is based on previous work conducted 
by Hernebring and Lagesson (1986). This means that the thawing depth was 
considered to be the limiting factor for the freeze ditch, since sludge was 
applied in layers. The design is further discussed by Hellström (1997). For 
the DFTD ditch the freezing depth was considered as the limiting design 
parameter, since one single thick sludge layer was to be frozen. 

The full-scale pilot plant consists of a simple outdoor construction without 
a roof. This is an important difference between this pilot plant and the freeze-
thaw unit operation presented by Martel (1989). Martel suggests a quite ad
vanced concrete construction with a roof in order to protect the bed against 
snowfall, which Martel considers as a necessity if the freezing bed is to 
operate properly. Both Hernebring and Lagesson and Martel suggest a con
struction where the bed foundation is designed for driving upon, while the 
ditches presented in this paper have foundations of sand, 0.3-0.5 m in thick
ness; hence, front loaders and other heavy pieces of equipment cannot be 
used for driving on the surfaces. 

The all-year-round sludge conditioning facility consists of two uncovered 
and parallel ditches, as shown in Fig. 1. One ditch was operated as a freezing 
ditch. The other ditch was divided into two separate parts—one of which 
was operated as a drying ditch, and the other was operated as a DFTD ditch. 

A representative section of the freezing ditch may be seen in Fig. 2. This 
ditch design with widths of 5-7 m, rather than a bed design, was chosen in 
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TABLE 1. Design Data for Freezing, Drying, and DFTD 

Parameters Freezing ditch Drying ditch D F T D ditch 

(1) (2) (3) (4) 

Length, bottom (m) 40 20 24 
Length, top (m) 46 21 25 
Depth (m) 1.5 0.3 0.5 
Width, bottom (m) 4.6 7.0 6.4 
Width, top (m) 9.8 7.6 7.6 
Volume (m3) 460 45 85 

order to facilitate sludge harvesting by an excavator from the long sides. The 
use of the word "ditch" instead of "bed" also indicates that the construction 
was made in existing ground. Design data for the ditches are presented in 
Table 1. 

The sludge is pumped to the ditches through high-density polyethylene 
piping and is distributed by insulated, manually operated valves located along 
the long sides of the ditches. Drainage water from the ditches is collected 
and pumped back into the plant. 

OPERATION OF PILOT PLANT 

A complete sludge application year cycle is displayed in Fig. 3. Using this 
approach, the sludge is efficiently dewatered all year round. 
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FIG. 3. Sludge Application and Harvesting Schedule for Different Ditches 

Freezing Ditches 
Sludge application in the freezing ditch starts in early winter (November), 

in layers of approximately 10 cm in thickness, ideally allowing each layer to 
freeze before the next sludge layer is applied. The sand surface is covered 
with water that is allowed to freeze before the first layer of sludge is applied; 
consequently, no immediate draining of the sludge occurs. Sludge application 
at the freezing ditch ends in early spring (April) (see Fig. 3). The freezing 
ditch was divided into two subditches for 1995, one of which was run with 
polymer-blended sludge, and the other with sludge that had not been sub
jected to polymer treatment. 
Drying Ditch 

The drying ditch is operated from spring until midsummer (May-June). 
The sludge conditioning is achieved by drainage and evaporation. This ditch 
was also, like the freezing ditch, divided into two subditches for 1995. Pol
ymer-blended sludge and nonpolymer-blended sludge were applied in the 
subditches, respectively. 
D F T D Ditch 

The DFTD ditch is in operation from midsummer until early winter 
(July-November), and here the sludge is allowed to drain before freezing. 
The reason for having this ditch is that sludge produced in July-November 
is not completely treated by either drying or freezing, but both methods must 
be employed on the sludge in order to achieve reasonable dewatering. 

Methods of Investigation 
The depth of frozen and thawed sludge, the dry matter content, and the 

temperature in the sludge were measured during the test period. Samples for 
estimations of the dry matter content were collected by careful digging or by 
using a plastic cylinder with a diameter of 0.10 m. A bore, designed for the 
experiment, was used to collect samples of frozen sludge before the thawing 
period started. The dry matter contents in the sludge were determined by 
using an analytical method according to Swedish Standard SS 02 81 13 ("De
termination" 1981). 

The temperature in the sludge was measured with thermistors directly con
nected to small data loggers. The temperature data loggers, with the attached 
mennistors, were placed in small, 40 mL containers. The containers, con
taining the temperature equipment, were located in the middle of the ditches. 
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FIG. 4. Temperature Data Logger Setup 

The space between the containers was about 0.3 m, which means that the 
temperature was not measured in all layers (see Fig. 4). The temperature was 
also, at some places, measured manually by using thermocouples. Sensors 
for this were located in the same way as the containers containing the therm
istors. 

WEATHER DATA 

The climate data for the pilot plant was obtained from the Swedish Me
teorological and Hydrological Institute (SMHI), which has a climate station 
located about 500 m from the treatment plant. The only parameters measured 
at the station are temperature and precipitation. The air temperature was also 
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recorded at the treatment plant and the differences between the recordings at 
the plant and at the climate station were negligible. Thus, it was concluded 
that data from SMHI could be used for the study. 

The full-scale experiment was initiated in January 1994 and was completed 
in August 1995; hence, data from two winters are available. Temperature and 
precipitation data from these winters are presented in Figs. 5 and 6. The cold 
winter of 1993-1994 and the unusually warm winter of 1994-1995 are 
worth noting. Another interesting fact is the unusually dry late summers both 
in 1994 and 1995. 
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TABLE 2. Sludge Application Data and Results Obtained from Freezing Ditch 

1994 -1995 

Parameters 1994 With polymer Without polymer 

(1) (2) (3) (4) 

Applied volume (m3) 110-130 100-120 110-130 
Average DM content (%) 6-10 4-9 2-8 
DM load (t) 8-10 6-8 5-7 
Sludge level before thawing (m) 1.05 1.10 1.00 
Date for complete thawing July 1 July 18, 1995 June 30, 1995 
Date for harvest Early September August 16, 1995 August 16, 1995 
Final sludge level (m) 0.4-0.5 0.5-0.6 0.4-0.5 
Final sludge volume (nr*) 50-60 45-55 35-45 
Final DM content (%); rrvinimum-

maximum in parentheses 53 (32-72) 26 (20- 33) 26 (21-31) 

RESULTS 

Freezing Ditches 
Application data and results obtained for the seasons stadied are shown in 

Table 2. It is noteworthy that the volumetric loading for the two winters 
studied is quite different, which is not the case for the measured sludge levels 
before thawing. One explanation is that drainage occurred before freezing 
during 1994-1995. Another reason for similar sludge levels in spite of dif
ferent loading rates is that the freezing bed was less efficiently used during 
1994, due to drifting snow. Hence, less of the bed was filled with sludge 
during 1994 than during 1994-1995. 

The final dry matter contents obtained in 1994 exceed those obtained in 
1995. The most obvious reason is the different winter conditions during the 
two seasons in question. It was obvious that all of the sludge was frozen in 
1994, and that this was not the case in 1994—1995. The sludge cores drilled 
in April 1995 revealed layers that apparently had not been subjected to freez
ing. It was also very clear, while sampling the ditches during the summer of 
1995, that there were layers of sticky, black, anaerobic sludge in between the 
more porous, less dense, and completely frozen and thawed layers. However, 
the dry matter results obtained in 1995 are still satisfactory. A satisfactory 
result implies that the dry matter obtained is equal to or exceeds that normally 
obtained by mechanical equipment such as a centrifuge. It should also be 
noted that the final dry matter contents obtained with and without polymer 
addition were similar. However, the fact that the ditches were not run si
multaneously, hence operated under different climatic conditions, renders any 
conclusions concerning the effect of polymer addition uncertain. 

The dewatered sludge was easily removed with an excavator, even if the 
incompletely frozen sludge was a little more sticky than the year before, when 
the sludge was more porous and less dense. 

Drying Ditch 
The sludge loading and results acquired for the drying bed are shown in 

Table 3. The dry matter content achieved in 1994 exceeds that obtained in 
1995. To achieve a reasonable comparison between the years it is advisable 
to compare the results of 1994 with the results obtained for the ditch with 
no polymers, since the sludge application periods coincide for these ditches. 
But, even so, the dry matter content achieved in 1994 is higher when com
pared with the results obtained in 1995. 

After the last application of sludge, less than one month was needed to 
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TABLE 3. Sludge Application Data and Results Obtained from Drying Ditch 

Parameters 
(1) 

1994 
(2) 

1995 

Parameters 
(1) 

1994 
(2) 

With polymer 
(3) 

Without polymer 
(4) 

Period of application 
Applied volume (m3) 
Average DM content (%) 
Sludge load (t DM) 
Date for satisfactory dewatering 

result* 
Harvest date 
Final sludge level (m) 
Final sludge volume (m3) 
Final DM content" 

April 22-June 1 
50-60 
7-9 
4 - 5 

June 29 
Early September 

0.08-0.12 
5 - 10 

60-90 (July 20) 

June 9-July 13 
35-45 
6-10 
3-4 

August 14 
August 16 
0.08-0.12 

5-10 
20-30 (August 14) 

May 5-June 8 
65-75 
3-7 
3-4 

June 28 
August 16 
0.10-0.14 

5-10 
40-60 (August 14) 

"The date when a more or less solid product with 25-30% dry matter is obtained. 
"The date in brackets indicates the final sampling event. This final sampling event coincides with 

the harvest date in 1995. 

TABLE 4. Application Data and Results for DFTD Ditch 

Parameters 1994-1995 

(1) (2) 

Applied volume (m3) 
Applied volume (m3/m2) 

190-200 Applied volume (m3) 
Applied volume (m3/m2) 1.10-1.15 
D M content in applied sludge (%) 5 -9 
D M load 12-15 
D M content before winter/freezing period (%) 8-25 
Sludge level before thawing (m) 0.49 
Date for complete thawing May 20, 1995 
Date for harvest August 16, 1995 
Final sludge level (m) 0.42 
Final sludge volume (m3) 60-70 
Final D M content—average and interval (%) 29 (20-40) 

achieve a satisfactory dewatering result during 1994 (see Table 3). This result 
was achieved during a month with precipitation that was about 50% higher 
when compared with a "normal" year, and with an average air temperature 
slightly below that of a ' 'normal'' year. However, most precipitation derives 
from two rainfalls at the beginning and at the end of the actual period. 

An interesting fact concerning the drying ditch in 1995 is that a layer of 
considerable thickness was applied relatively late, in mid-July, in the ditch 
containing polymer-blended sludge. The dry matter content was satisfactory 
about a month after the application, which coincides with the harvest. Con
sidering a dry late summer, it can be concluded, for a single thick sludge 
layer application, that the upper loading limit of the bed was reached. 

Another approach was made in evaluating the drying process. The ap
proach in question was an estimation of the amount of cracks in the sludge 
surface of the drying ditch. Manual measurements resulted in an estimate that 
16% of the total area was covered by cracks by the end of August 1995. 

The dried sludge was compact and had a consistency resembling that of 
chipboard. It was also impermeable, allowing water puddles to form on the 
sludge surface during rainfall. 
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D F T D Ditch 
Application data and results obtained for the DFTD ditch are displayed in 

Table 4. The DFTD ditch has but one result, due to the fact that it was 
charged in the summer of 1994 and then harvested one year after, in August 
1995. 

As is obvious in Table 4, dewatering occurred before the freezing period 
due to drainage and evaporation. During the late summer of 1994, the ditch 
worked as a drying ditch. Due to relatively dry weather, a considerably high 
dry matter content (>60%) was achieved in the sludge applied during this 
period. The amount of sludge applied in this period was about 50 m3, which 
equals 25% of the total volume applied. Sludge applied in the autumn was 
mostly dewatered by drainage. The combination of drying and draining led 
to an increase in dry matter from the initial 5-8% to 8-25% before the onset 
of winter. Complete freezing was not achieved, due to the mild winter period 
of 1994-1995. The freezing of the sludge was also hindered by the presence 
of snow and ice above the applied sludge. Notwithstanding, an increase in 
dry matter was obtained during the winter months, as can be seen in Table 
4. 

According to the application schedule shown in Fig. 3, the DFTD ditch 
should be emptied during early summer. The results of the experiment show 
that an early summer harvest was possible. The DFTD ditch thawed quickly 
compared with the freezing ditches. The dry matter content in the sludge 
upon thawing was sufficient to allow harvesting by an excavator. However, 
the sludge was dewatered further during the summer. Nevertheless, the in
crease in dry matter content achieved by allowing the sludge to remain during 
the summer in the DFTD ditch was only a few percent. Hence, not much 
effect was attained by leaving the sludge in the ditch through the summer. 

C O M M E N T S 

Freezing Ditch 
The amount of sludge that can be applied will be limited by the thawing 

rate in normal Lövånger climatic conditions. The total sludge depth should 
not exceed 1.5 m at the end of the freezing season, according to Hemebring 
and Lagesson (1986). However, the actual sludge depth before thawing 
started was never above 1.1 m at this plant. Thus, the predicted limiting depth 
could not be fully tested. The reasons for the reduced depths of applied sludge 
were different for the two winters studied. The reason during the first winter 
was that the freezing ditch was not in operation before January 1994. The 
reason during the second winter was a very slow and incomplete freezing, 
which allowed the sludge to drain during the freezing season. Hence, the 
applied volume was reduced before the thawing period started. 

Due to a combination of a relatively cold winter and low sludge load, a 
relatively high dry matter content was achieved the first year. However, it is 
interesting to note that a satisfactory result was obtained even during the 
second year in spite of the warm winter of 1994-1995 (see Tables 2 and 4). 
Even though the sludge was incompletely frozen in 1994-1995, it yielded 
resulting dry matter contents of 20-30%, which is well in line with dry 
matter contents normally produced by mechanical equipment such as centri
fuges. 

During both years it was possible to harvest the sludge by an excavator 
soon after complete thawing. It should also be noted that the sludge was 
entirely thawed about one month before the scheduled harvest. The time 
necessary to achieve complete thawing was not only shortened by a reduced 
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sludge depth and incomplete freezing, but also by thawing from the sides. 
The reason for this was snow and sludge interactions in the ditch. The sludge 
spread somewhat evenly around the valves, but did not manage to spread all 
the way to the sides when snow was present on the sludge surface. These 
snow cushions along the sides melted early, leaving the sides of the sludge 
exposed. This effect was most obvious during the first season's treatment, 
because a larger amount of snow was entrapped during that winter. However, 
the effect was significant even for the treatment during the second winter. It 
should also be remembered that the amount of unfrozen sludge was signifi
cant only during the second winter (1994-1995). 

It is clear that the snow has some drawbacks, in that it occupies some of 
the sludge ditch volume and insulates the sludge. On the other hand, the 
snow may refrigerate the sludge when it is present on the sludge surface 
during sludge application. The snow appeared in the freezing ditch as ice 
layers, as observed in cores drilled both in the winters of 1994 (January-
March) and of 1994-1995. The ice layers, when melted during breakup, 
cause the sludge surface to crack and this may enhance the drying process 
in the sludge. All in all, the extra costs of constructing a roof or shoveling 
snow seem to be unnecessary. This conclusion does not apply if the land area 
available around the plant is limited. In that case, the cost of a roof might 
be justifiable to reduce the required amount of space. 

Drying Ditch 
The sludge dewatered only by drainage and evaporation had a relatively 

compact consistence when compared with sludge subjected to freezing. Thus, 
the volume reduction was larger in the drying ditch compared with that of 
the freezing ditch. 

The results for the subditch with polymer-blended sludge in 1995 indicate 
that the last sludge should be applied before early July in a climate similar 
to that of Lövånger. This is because the sludge did not have more than a 
satisfactory content of dry matter in the middle of August, in spite of the dry 
late summer of 1995. 

The combined experience from the drying and DFTD ditches indicates that 
more sludge could have been dewatered than actually was the case during 
1994-1995. The results from 1995 also show that the subditch with polymer 
was not fully utilized. An estimation of the capacity for the drying ditches 
would then be that about 0.8-1.0 m3/m2 or 50-80 kg DM/m 2 could be de-
watered efficiently. 

During the drying process, the sludge shrinks and cracks will appear. The 
presence of cracks will allow the next applied layer to be in direct contact 
with the sand drainage layer. Thus, one could form the hypothesis that al
lowing a layer to crack will improve the drainage of the next layer, since the 
dried sludge seems to be rather impermeable. 

D F T D Ditch 
The purpose of the DFTD ditch is to handle and store sludge produced 

during the period when satisfactory dewatering by evaporation cannot be 
expected, under normal climatic conditions. The applied sludge is stored in 
the DFTD ditch, allowing it to freeze during the winter. Hence, the total 
depth of the applied sludge should not exceed the expected freezing depth. 
For design purposes, it is suitable to calculate on a drainage effect and re
duction in volume before the freezing season. Before the construction of a 
DFTD ditch it would therefore be recommended that drainage tests should 
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be performed for estimations of the expected volume reduction. Drainage 
tests are recommended due to different drainability properties for different 
sludges. 

The drawback of allowing snow to accumulate above the sludge applied 
is most obvious in the DFTD ditch. No new sludge was applied during the 
winter months; therefore quite a bulky layer of snow accumulated on top of 
the sludge, insulating it from the cold. Hence, it seems that shoveling snow 
off the ditch a few times during the winter would be suitable. However, even 
for the DFTD ditch, the treatment result was satisfactory in spite of the 
incomplete freezing. 

CONCLUSIONS 

The following conclusions are valid for a treatment plant operated in a 
climate similar to that in Lövånger. 

Whole Plant 
The concept of combined natural treatment methods for sludge dewatering 

was successfully used. The plant showed great flexibility considering routines 
for sludge application, and a robustness to unexpected weather conditions. 
The results also showed that the presented schedule for application and har
vesting (Fig. 3) could be followed and that a correctly designed and operated 
treatment plant always will have at least one bed or ditch available for the 
application of sludge. 

Our experience also shows that it is favorable to have a sludge storage 
facility that can handle a few weeks of sludge production. The storage facility 
enhances the flexibility of the plant, allowing sludge to be stored for shorter 
periods of unfavorable weather conditions, namely, warm spells in the win
tertime and rainy periods in the summertime. It should be emphasized that 
the storage capacity for a treatment plant using natural sludge dewatering is 
less than the normal storage requirement for a small WWTP having nonde
watered sludge transported to a central plant for mechanical dewatering. 

Freezing Ditch 
During a winter with complete freezing, an overall average dry matter 

content of at least 30% could be expected. However, the results from the 
second winter show that it is possible to achieve satisfactory dewatering re
sults (>25% DM) even if all the sludge is not completely frozen. Hence, the 
design seems to be rather robust to climatic variations. 

The design should be based on the volume of applied sludge and the 
thawing rate. The main drawback with snow in the freezing ditch seems to 
be that the effective ditch volume is reduced. 

Drying Ditch 
The overall final dry matter content was over 50% after the treatment of 

the first year when the last application was made in early June. The same 
figure for the second year's treatment was over 25% DM for the ditch where 
the last application had been made in the middle of July. Thus, it could be 
concluded that sludge applied during May-June, in a climate similar to that 
in this study, will be satisfactorily dewatered. The results indicate that about 
0.8-1.0 mVm2 or 50-80 kg DM/m2 could be dewatered. 

DFTD Ditch 
The design should be based on the total depth of applied sludge after an 

initial drainage. To improve the freezing, it is recommended that the snow 
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be removed a few times during the winter. A final overall dry matter content 
near 30% shows that it is possible to achieve satisfactory dewatering results 
even if all the sludge is not completely frozen. 
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Abstract 
A full-scale pilot plant for natural all-year round sludge dewatering, located in Lövånger Sweden, is presented 
in this paper. It includes a freezing ditch where sludge produced from Nov.-April is dewatered, a drying ditch 
charged in May—June, and a so called drying-freezing-thawing-drying ditch in which sludge produced in 
July-Oct. is dewatered. Results from two years of operation are presented and the conclusion is that this rype 
of sludge dewatering unit works well for northern Sweden. Achieved dry matter results varied between 26 % 
(freezing ditch 1995) and 60-90 % (drying ditch 1994). Equipment freezing problems did occur, and it is clear 
that insulation of valves is essential as is blowing the distribution pipes clean after each application event. Odors 
were not a problem even in the summertime as long as the ditch loading rates were normal. The final product 
has a non-offensive appearance and odor. Cost calculations comparing local treatment by freeze/thaw and 
drying to transportation of the sludge to a central treatment facility show that local treatment is the more eco
nomical option in the Lövånger case i f the real interest rate is 8 %. An energy comparison between the options 
mentioned above is presented in the article. 

Key Words - natural sludge dewatering, combined freezing and drying, northern Sweden, cold climate 
engineering. 

Sammanfattning 
Ett full-skaleförsök i Lövånger för naturnära slambehandling året runt presenteras i denna artikel. Anläggningen 
består av ett frysdike där slam som produceras från november till april awattnas, ett torkdike som belastas under 
maj och juni, samt ett så kallat torkning-frysning-tinande-torkningsdike i vilket slam som produceras under juli 
t i l l och med oktober awattnas. I artikeln presenteras resultat från två år, och slutsatsen är att awattning av slam 
genom den beskrivna behandlingen fungerar bra för norra Sverige. De slutliga TS-halterna varierade mellan 26 % 
(frysdike 1995) och 60-90% (torkdike 1994). Erfarenheter från full-skaleförsöket visar att det är nödvändigt 
att isolera utpumpningsventilerna, samt att blåsa rent distributionsledningarna efter varje slamutpumpning. 
Dålig lukt var inget problem, inte ens under sommaren, under förutsättning an utpumpad slammängd inte var för 
sror vid varje utpumpningstillfälle. Den slutliga produkten är hanterbar och luktar ej illa. Kostnadsberäkningar 
med realräntan 8 % visar att lokal slambehandling i Lövångerfallet är det mest lönsamma. Ett försök att jäm
föra lokal och central slambehandling med hjälp av ett energiresonemang redovisas. 

Introduction 
NaturaJ sludge treatment, such as freeze/thaw conditio

ning and drying, are often neglected alternatives to the 

"traditional" treatment options for smaller treatment 

plants in Sweden. The traditional treatment of sludge at 

smället plants most often consists of transporting the 

sludge into a central plant, since conventional pieces of 

sludge dewatering equipment, such as belt filter presses 

and centrifuges pose too expensive treatment costs for a 

small treatment plant to carry. The transport distance 

can represent dozens of kilometers in northern Sweden, 

and since non-dewatered sludge consists of approxima

tely 95 % water it seems a waste of time and money to 

transport the sludge to a central plant when it can be 

treated locally, requiring a minimum of material and 

personnel as is shown in this article. 

Objectives 
The objective of the experiment was to analyze the 

natural all-yeat round concept for a small wastewater 

treatment plant. The analyses include experiences from 

operation and maintenance, and evaluation of treatment 

results. Further, costs and energy consumption are dis

cussed, comparing local sludge treatment to an existing 

conventional treatment alternative. 
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Methods of investigation 
The sludge depth, the dry matter content and the tem
perature in the sludge have been measured during the 
test period, on regularly occurring visits. 

Informal interviews with the plant operators and the 
sanitary engineer in charge were conducted, in order to 
obtain further useful practical information. 

Background 
This paper presents a full-scale pilot plant at which an 
all-year round concept of natural drying and freezing of 
sludge has been employed. A combination of freezing 
beds and drying beds has earlier been recommended for 
natural all-year round treatment of sludge in a temperate 
climate like Sweden (Poulanne, 1980; Hernebring & 
Lagesson ,1986; Reed et al, 1986; and Martel, 1993). 
The pilot plant discussed in this paper is probably 
unique since it makes use of not only a combination of 
freezing and drying beds, but also a third unit operation 
where the sludge is allowed to drain before freezing. 

Sludge dewatering in freezing beds 
Freezing and thawing as an efficient method of sludge 
conditioning has been known for many years and is well 
represented in the literature. Studies on the effect of 
freezing on the filterability of sewage sludge were con
ducted as early as 1931 (Babbitt, 1931). Many investi
gations have since been completed and the conclusion 
may be drawn that freezing and thawing works well as a 
dewatering method for all types of sludges, including 
both sewage sludge and waterworks sludge. The reasons 
for this is the separation of the solids from the liquid 
fraction during the formation of ice crystals when the 
sludge freezes. An ice crystal has a symmetrical structure 
that cannot accommodate any impurities without severe 
strain; hence solids are rejected to the boundary of the 
ice crystal where the particles become consolidated. This 
separation is-irreversible, under certain conditions, and 
when the sludge thaws, the water drains away leaving a 
product of around 20-30 % in dry matter. For further 
reading of freezing theory and sludge dewatering by 
freezing Clements etal. (1950), Chalmers (1959), Halde 
(1980), and Vesilind & Martel (1990) are recommen
ded. 

Some of the advantages of natural sludge freezing are: 

• Simple and inexpensive technique, utilizing naturally 
occurring cold. 

• Reliable, considering the small amount of supervision 
needed and the few mechanical parts of the system. 

• The amount of transport needed during wintertime, 
when difficult driving conditions are frequent, is 
minimized. 

(Hernebring & Lagesson, 1986). 

Natural dewatering of sludge in outdoor freezing beds 
has been described by, for example, Hernebring & 
Lagesson (1986). Martel (1989) presented the freeze-
thaw concept as a unit operation for sludge dewatering. 

Drying beds 

The use of sand drying beds for natural dewatering is a 
well known method. However most of the experiences 
obtained are from plants with mechanical and/or biolo
gical wastewater treatment processes. The plants are (of 
course) mostly located in warmer climates than the 
treatment plant described in this paper. Most of the 
open drying beds are designed for 50 to 125 kg 
DM/m2,yr. (WEF, 1992) 

Drying-Freezing-Thawing and Drying beds 
(DFTD beds) 

The early suggestions for freezing beds were simple out
door sludge lagoons where a single thick layer of sludge 
was to be frozen during the winter months (Bishop & 
Fulton, 1968). Rush & Stickney (1979) suggest both 
freezing and drying in the same bed to achieve required 
dewatering of the sludge. The Drying-Freezing-
Thawing and Drying bed presented in this paper is 
similar to the concept presented by Rush & Stickney 
(1979). 

Lövånger treatment plant data 
The full-scale pilot plant is located in Lövånger, a small 
town consisting of about 1200 inhabitants, on the Baltic 
coast of northern Sweden (N: 64° 22', E: 21° 13')-

The treatment plant operates as a primary precipita
tion plant, in which the phosphorus is eliminated from 
the effluent by aluminum sulfate (AVR) addition. The 
sludge volume produced yearly is around 500 m 3 , and 
the sludge treatment offered in the plant consists of a 
sludge thickener, polymer addition and storage. A few 
weeks of sludge production can be stored at the plant. 
The plant has about 1 200 pe connected. 

Pilot plant data 
Pilot plant 

The design of the full-scale pilot plant is based on pre
vious work performed by Hernebring & Lagesson 
(1986) and the design is further discussed in Hellström 
(1997) and Hellström & Kvarnström (1997). It compri
ses a simple outdoor construction without a roof. Other 
designs of freezing beds have been suggested by for ex
ample Martel (1989). 
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Drying ditch 

The ditches were constructed in Dec. 1993-Jan. 
1994. They were constructed in existing ground, i.e. 
silty moraine, and some of the backfill material used was 
excavation residues. 

The all-year round sludge conditioning facility con
sists of rwo uncovered and parallel ditches as may be seen 
in Figure 1. A representative section of the freezing ditch 
is shown in Figure 2. The ditches are 5-7 m wide. This 
ditch design with widths of 5-7 m was chosen in order 
to facilitate sludge harvest by an excavator from the long 
sides, see Figure 3. The path in between the ditches was 
constructed in coarse aggregate, and has gravel as surface 
course, so that it could withstand the bearing pressure 
from the excavator on harvest occasions. 

The foundations of the ditches are of sand, 0.3-0.5 m 
in thickness, hence front loaders and other heavy pieces 
of equipment cannot be used for driving on the surfaces. 
Drainage water from the ditches is collected in drainage 
pipes and pumped back into the plant. The drainage 
pipes are separated from the silty moraine by a permea
ble geotextile. The silty moraine is assumed to be close 
to impermeable, therefore the geotextile did not need to 
be impermeable. 

Rocks of an approximate diameter of 0.1 m were pla

ced underneath the valves in order to protect the sides of 
the ditches from erosion originating from the sludge 
beam. Butt welded high density polyethylene piping of 
diameter 0125/102.4 was used between the treatment 
plant and the ditches. Design data for the facility is 
shown in Table 1. 

Operation data for pilot plant 
A complete sludge application year cycle is displayed in 
Figure 4. Using this approach the sludge is efficiendy 
dewatered all-year round. 

Freezing ditches 
The sand surface in the freezing ditch is covered with 
water that is allowed to freeze before any sludge is ap
plied, consequently no immediate drainage takes place 
(Hernebring & Lagesson, 1986). The freezing ditch, 
which is displayed in Figure 5, is loaded with sludge, 
starting in early winter (November), in layers of approx
imately 10 cm in thickness, ideally allowing each layer to 
freeze before the next sludge layer is applied. Sludge 

Valve 

Figure 2. Section of freezing ditch. 
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Table 1. Design data for the freezing, drying, and DFTD (Drying-Freezing-Thawing and 
Drying) ditches. 

Design data Freezing ditch Drying ditch DFTD-ditch 

Length, bottom (m) 40 20 24 
Length, top (m) 
Depth (m) 

46 21 25 Length, top (m) 
Depth (m) 1.5 0.3 0.5 
Width, bottom (m) 4.6 7.0 6.4 
Width, top (m) 9.8 7.6 7.6 
Volume (m 3) 460 45 85 

I JAN. I FEB. I MARCH I APRIL | MAY | JUNE | JULY | AUG. | SEPT. | OCT. | NOV. | DEC. 

CT 
F R E E Z I N G D I T C H 

1 1 
D R Y I N G BED 

DFTD-BED 

[ I A p p l i c a t i o n of sludge 

I 1 Possible appl ica t ion of sludge 

I I Non- load ing per iod 

[ f c 
Harvest of sludge 

Figure 4. Sludge application and harvesting schedule for the different ditches. 
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application at the freezing ditch ends at early spring 
(Aptil), see Figure 4. Figure 6 shows sludge application 
in the middle of winter. The ditch should be harvested 
in Aug.-Sept, so as to be empty when the next winter 
season arrives at the end of October. 

Drying ditch 

The drying ditch is charged from spring until midsum
mer (May-June). The sludge conditioning is achieved 
by drainage and evaporation, occurring in July-August. 
The drying ditch should be harvested in Aug.-Sept. the 
same year. 

DFTD ditch 

The DFTD ditch is charged from the middle of summer 
until early winter (July-November), and here the sludge 
is allowed to drain before freezing. The reason for having 
this ditch is that sludge produced in July-November is 
not completely treated by either drying or freezing, but 
both methods must be employed on the sludge in order 
to achieve reasonable dewatering. The ditch is to be har
vested in June the following year, as soon as the sludge is 
thawed, for the ditch to be ready for the next charging 
period. 



Weather data 
The climate data for the pilot plant was obtained from 
SMHI (Swedish Meteorological and Hydrological Insti
tute), which has a climate station located about 500 m 
from the treatment plant. 

The full-scale experiment was initiated in January 
1994, and completed in August 1995, hence data from 
two winters and summers are available. Temperatute 
data from the test period are presented in Figure 7. 
Precipitation data for the summers in question are pre
sented in Figure 8. Noteworthy is the cold winter of 
1994 and the unusually warm winter of 1995. Another 
interesting fact is the unusually dry late summers both in 
1994 and 1995. 

Results and discussion 
Dry matter results 

Final sludge volumes, final dry matter contents attained, 
and harvest dates may be seen in Table 2. 

The dry matter results obtained varied between the 
years studied, the 1994 values were all higher than those 
obtained 1995. However, the dry matter results for the 
different ditches were satisfactory both years studied. A 
result is considered satisfactory when the dry matter 
obtained is equal to or exceeds that normally obtained 
by mechanical equipment such as a centrifuge. 

The differences in dry matter content in sludge from 
the freezing ditch depending on year is above all a func
tion of different winter conditions 1994 and 1995. It 

250 

4-1 4-16 5-2 5-17 6-2 6-17 7-3 7-18 8-3 8-18 

Figure 8. Accumulated precipita
tion during drying periods 1994 
and 1995 (i.e. summers). The 
figure also includes the accumu
lated precipitation for a "nor
mal" summer (average for 1961— 
1990). Data received from 
SMHI. 
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Table 2. Final sludge volumes, dry matter results, and harvest dates for all ditches. Results in brackets show lowest-highest result ob
tained for the parameter in question. 

Freezing bed Drying bed DFTD bed 

1994 1994/1995 1994 1995 1994/1995 

Initial D M content (%) 6-10 2-9 7-9 3-10 5-9 
Final D M content (%) 53(32-72) 26(20-33) 60-90 20-60 29(20-40) 
Harvest Date early Sept. Aug. 16 early Sept. Aug. 16 Aug. 16 
Initial sludge volume (m 3 ) 110-130 210-250 50-60 100-120 190-200 
Final sludge volume(m 3) 50-60 80-100 5-10 10-20 60-70 

was obvious that all of the sludge was frozen 1994, and 
that this was not the case 1995. It was very clear, while 
sampling the ditches during the summer of 1995, that 
there were layers of sticky, black, anaerobic sludge in 
between the more porous, less dense and completely 
frozen and thawed layers. This may be seen in Figure 9 
where the non-frozen layers appear bright and shiny in 
the picture, whereas the layers with a more rugged 
character have been subject to freezing. 

The differing dry matter contents in the drying ditch 
between the years can be explained by higher loading 
rate and a longer time of operation in 1995, when com
pared to 1994. The dried sludge was compact and had a 
consistence resembling that of chipboard, see Figure 10. 
It was impermeable, allowing water puddles to form on 
the sludge surface at rainfall events. So it may be said 
that rains of moderate intensity did not impair the final 
sludge dewatering results, since the sludge did not seem 
to absorb water to any large extent. 

The DFTD ditch has but one result, due to the fact 

that it was charged the summer of 1994 and then har
vested one year after, in August 1995. Hence, only one 
final result is available for that ditch. Complete freezing 
was not obtained, due to a mild winter period 
1994/1995. The freezing of the sludge was also hindered 
by the presence of snow and ice above the applied 
sludge. Notwithstanding, an increase in dry matter was 
obtained during the winter months and an average final 
dry matter content of 29 % was attained. 

I t is noteworthy that the freezing reduced the sludge 
volume by approximately a factor of two, whereas dry
ing reduced the sludge volume 5-10 times, clearly indi
cating the different features of the final product. 

Freezing problems 

One great concern was i f the valves chosen could with
stand freezing, and it turned out they were unable to do 
so. The valves were consequently isolated, and the pro
blem solved. Another potential problem was freezing of 

• * m 

Figure 9. Layers of sludge, frozen on 
the left and non-frozen on the right. 
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Figure 10. The drying ditch (Aug. 
23 1994). 

the piping between the plant and the ditches. It was avo
ided by blowing the piping clean after each application 
event. The choice of piping material, high density poly
ethylene, was also made to prevent freezing, and it wor
ked well at the pilot plant. 

Sludge application 

As described above, the freezing surface was flooded with 
water that was allowed to freeze before the first sludge 
application. The idea behind that is to prevent unfrozen 
sludge penetrating the underlying drainage layer and 
thereby impair its drainage qualities (Hernebring & 
Lagesson, 1986). Sludge application results from the 
drying and DFTD-ditch indicate that this course of 
action is probably not necessary for the Lövånger case, as 
sand is used for the drainage layer. 

The valves were located at the long sides of the 
ditches, about 6—7 m apart. The distance between the 
valves was sufficient under normal conditions, hence the 
sludge was distributed adequately evenly over the sludge 
surface in most cases. The behavior of the sludge on the 
ditch surfaces is nevertheless dependent on both the 
sludge characteristics and the surface where the sludge is 
applied. The sludge did have some peculiar characteris
tics the summer of 1995. A solid/liquid separation did 
occur quickly after sludge application in the drying 
ditch, therefore no smooth sludge surface formed in the 
ditch. The plant operator was forced to use a mobile 
hose to evenly distribute the sludge ovet the surface. 

Another factor interfering with the application result 
is snow. Heavy snowfall can insulate the surface from the 
cold, and snow accumulation in the ditches reduces the 
efficient ditch volume. Other aspects, such as snow 

influence on the thawing process and the insulating 
properties of the snow, are discussed in Hellström 
(1997) and Hellström & Kvarnström (1997). 

The sludge was applied in approximately 10 cm layers 
every two weeks in the freezing ditch and in the drying 
ditch. This kind of application method worked well. I t 
is, however, desirable to have a smaller sludge storage 
facility where sludge can be stored in case of unfavorable 
weather conditions. In Lövånger a storage volume 
allowing for a few week's worth of sludge production 
worked well. 

Sludge harvest 

Harvesting by excavation functioned for this pilot plant. 
Some disturbance in the underlying sand layer, and con
currently sludge/sand mixing, did occur, and is believed 
to be inevitable with this kind of ditch design. According 
to the excavation operator, there were no harvesting pro
blems in 1995, in spite of the sticky and relatively wet 
sludge. 

I t has been shown at the two harvesting events that 
the freeze/thaw treated sludge creates dust when harves
ted. It is a function of how dry the sludge is when har
vested. The problem can be solved by the harvest occa
sions being adapted to the dry matter content in the bed. 
Even so, the overall dry matter obtained in 1995 was but 
26 % in the freezing ditch, but since the sludge always 
has a drier upper crust a little dust is always created when 
it is disturbed by the harvesting equipment. The health 
aspects when harvesting have not been investigated in 
this work, however, no immediate problems could be 
noted at the harvest events. 

The ditches should be harvested at different times in 
order to operate the ditches in an efficient fashion. 
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When the plant is operated according to the application 
schedule in Figure 4, the DFTD ditch should be emp
tied by June, so it is possible to re-load it in July. Also, it 
would be a way of avoiding the creation of dust. The 
other ditches should be emptied in the fall, Aug.-Sept. 
This is not the way the ditches were operated 1995, 
when the harvest of all ditches took place at the same 
time due to practical reasons. This indicates the flexibi
lity of the treatment unit. 

The amount of heat available for thawing the sludge 
in the freezing ditch is the prevalent design parameter for 
northern Sweden. Knowing this, it is probable that a 
fteezing ditch in a climate similar to that of Lövånger 
can, in a cold winter, be loaded to a higher extent, i f sub
sequent harvesting from the surface is employed as tha
wing proceeds downward in the ditch. 

Odor problems 

Odor problems occurred on some occasions in the sum
mer time, when too high a sludge load was applied in the 
drying ditch. On these occasions anaerobic processes 
started in the sludge, producing foul smelling organic 
acids. Some odors also occur at the very moment of 
sludge application, but they decrease rapidly and is not 
seen as a problem by the technical staff. No complaints 
have been filed from the town inhabitants either, even 
though the plant lies just across a body of water, separa
ting the plant and the town center. 

Interference from the surroundings 

No ttaces of animals have been spotted on the ditch sur
faces in spite of the fact that the area is not surrounded 
by a fence. However, health aspects and security are 
reasons for minimizing the contact opportunities be
tween the public and the freezing/thawing and drying 

treatment unit. Also, an attempt to spread the final 
product on farmland resulted in a damaged manure 
spreading device, since the sludge contained macadam 
or big pebbles, indicating that the sludge has been inter
fered with by intruders. Hence it is recommended that a 
sludge freezing and drying unit as this should be protec
ted from intruders. 

Costs 
Local treatment in Lövånger in the freeze/thaw and 
drying unit is compared to the alternative which is to 
transport the sludge to a central plant. The alternative 
that is economically favorable depends on several factors 
such as costs for construction, transport and treatment 
efficiency. However, in this calculation only the actual 
costs estimated by Skellefteå Municipality have been 
used, except for varying interest rates. A generalization of 
the calculations is attempted in Figure 11, whete the 
transportation costs versus distance to central plant is 
shown. 

The costs included for the local treatment option are 
construction costs (350 000 SEK) and cost for operation 
and maintenance (8 500 SEK/year). The cost for opera
tion and maintenance includes sludge harvest and re-
establishment of the sand surfaces. 

The costs included for the option transportation to 
the central plant are the receiving costs at the central 
plant (17 500 SEK) and the transportation costs (21 
SEK/m3,h). However, time is needed for sludge hand
ling at the local and central plant respectively. By 
knowing the total time needed to transport and handle 
sludge from Lövånger WWTP, the following equation 
could be constructed 

Total cost for transport = 12 700 + 3 160 * distance 

where 12 700 SEK is cost fot handling approximately 

Figure 11. Illustration of effect of 
transportation cost vs. distance to 
central plant when compared to local 
treatment costs at two different real 
rates of interest. 
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500 m3/year at the local and central plants and 3160 is 
the cost per 10 km for using the sludge truck. 

Some simplifications in the calculations have been 
made. The cost of pre-treatment in Lövånger treatment 
plant is the same, regardless of treatment option after
wards. The cost of charging the ditches with sludge is 
comparatively small and so ignored. The value of 
methane gas generated at the central plant is not inclu
ded in the calculations since the methane produced 
today is not used in an efficient fashion. The potential 
income of methane generated from the organic matter in 
the Lövånger sludge is however not negligible. The 
transportation costs of dewatered sludge is included in 
receiving costs for the central treatment alternative and 
in the opetation and maintenance costs for the local 
treatment option. 

Figure 11 indicates that local treatment at Lövånger 
WWTP is less costly than transport of sludge into the 
central plant, even i f the real interest is 8 %, since the 
distance between Lövånger and the central plant is 
approximately 50 km. 

Worth mentioning is the fact that the cost of harvest
ing the ditches could be lowered substantially i f the 
ditches had foundations suitable for driving on. That 
would, howevet, increase the construction costs. 

Energy 
For the central treatment option fossil fuels of an energy 
value of 8-10 M W h are used for transportation of the 
sludge. Anaerobic digestion is available at the central 
plant and i f the efficiency of waste utilization in the 
anaerobic reactor is assumed to be 50 % about 60 M W h 
worth of methane gas can be produced from the organic 
matter in the Lövånger sludge. 

The situation for local treatment is somewhat diffe
rent. The fossil fuel necessary for harvesting the ditches 
is regarded as negligible. Today, the energy value in the 
locally treated sludge is not made use o f in an immediate 
way. Ideally the locally treated sludge should be used in 
agriculture. It is known that soil structure is important 
for plant growth. The organic matter in sewage sludge 
functions as a soil conditioner when sewage sludge is in
corporated into soil, and may improve the soil fertility 
(Süss, 1981; Morel, 1981). Dawson (1986) suggests that 
application of sludge, containing fresh organic matter, 
can produce higher yields than can be obtained with the 
same nutrient application without organic matter. It is, 
however, impossible to quantify the potential increase in 
production due to the organic matter content in the 
Lövånger case since no such investigations took place. 
Anothet aspect is the fact that the sludge can attain 
much higher dry matter contents by local treatment 
when compared to the centrifuge available in the central 
plant. This allows the sludge to be used as a fuel energy 
source i f desired. 

Due to above mentioned reasons it is difficult to com
pare the two options energy-wise. The value as a soil 
conditioner is difficult to compare to the value as a met
hane producer. Howevet, there will be a saving of fossil 
fuel i f the sludge is treated locally. 

Further use of the sludge 
One of the great advantages of local sludge treatment is 
that the sludge with its nutrients, above all the phospho
rus, and organic matter, can be recycled in agriculture. I f 
this is to be accomplished, the sludge, and the receiving 
soil, must fulfil some basic requirements (SNV, 1994). 
There are, primarily, limiting maximum values of heavy 
metal contents. Howevet, a sludge from a small treat
ment plant usually contains less heavy metals than a 
sludge from a larger treatment plant (SNV, 1993), and 
normally does not exceed the maximum heavy metal 
limits. Thus, sludge from smaller plants has a highet 
quality potential as a fertilizer in agriculture than a 
sludge from a larger plant. 

Hygiene aspects of the final product were not investi
gated within this project. However, since no other treat
ment but the actual inctease of dry matter content in the 
sludge takes place, it is probably a good idea to store the 
sludge on farmland for a season before it is used as a soil 
amendment in agriculture. I f not it should be immedia
tely tilled into the soil according to regulations from the 
Swedish Environmental Protection board (SNV, 1994). 

The appearance of the sludge is also important, i f it is 
to be accepted by the agricultural sector. Its odors and 
appearance should be non-offensive. Freeze/thawed 
sludge and dried sludge fulfil l these requirements, provi
ded the plant has been operated properly. 

Conclusions 
The pilot plant 

The operation of this pilot plant has shown that 
freeze/thaw conditioning, and drying work well as 
sludge treatment methods in a climate similar to that of 
northern Sweden. A satisfactory dewatering result was 
obtained for all ditches both years studied, and it varied 
between 26% (freezing ditch 1995) and 60-90% (dry
ing ditch 1994). 

Operation and maintenance 

Freezing problems did occur, but none that could not be 
adjusted. The choice of equipment and material insensi
tive to freezing is important, as is insulation of exposed 
details such as valves, and to keep the sludge piping clean 
and empty between each application event. 

Odor problems rarely occurred, i f the drying/DFTD 
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ditches were not too heavily charged in the middle of 

summer. 

How even a sludge surface one obtains in the ditches 

depends on several factors. The distance between the 

valves for one, but also on the sludge characteristics and 

the weather conditions. 

It is desirable to protect the treatment unit from 

intruders. 

I t should be possible to re-use the nutrients and the 

organic matter in the sludge in agriculture. It seems to be 

easy to handle, has no offensive smell, and as it origina

tes from a small plant the sludge should contain low 

levels of heavy metals. 

Costs and Energy consumption. 

The cost calculations indicate that the local treatment is 

the more economical option in the Lövånger case. 

An energy comparison between the options is difficult 

to perform. The organic matter in the central treatment 

option is used for methane production and in the local 

option it could be used for crop production. It is diff i 

cult to compare these two alternatives. It is, however, 

clear that fossil fuel for sludge transportation is saved i f 

the sludge is treated locally. 
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Abstract 
The objectives of this study were to investigate the possible effects of freeze/thaw-drying and drying as sludge 
dewatering methods on the organic matter, nitrogen, and phosphorus content in the sludge. The research work 
was carried out on three different levels. The effect of natural sludge dewatering on the overall status of the 
sludge was mainly investigated in a full-scale natural sludge dewatering pilot plant in northern Sweden. A pilot-
scale sludge dewatering unit, consisting of bags in steel racks, was installed at the treatment plant and utilized 
for experiments for this evaluation. Laboratory experiments utilizing small boxes for sludge freezing and drying 
were also employed in the evaluation process. A significant degradation of organic matter was found to occur 
during the summer both in the full-scale unit and in the pilot-scale bags. The most important factors for a 
degradation of organic matter to occur seemed to be the complete freezing/thawing of the sludge, air contact, 
and time. Estimation of the loss of N and P through drainage water analyses from the full-scale pilot plant, and 
through laboratory experiments suggested that P losses would be negligible and N losses due to drainage would 
be 6-13%. 

Key words —natural sludge dewatering, combined freezing and drying, northern Sweden, organic matter, phos
phorus, nitrogen, cold climate engineering. 

Sammanfattning 
Syftet med studien var att undersöka möjliga effekter av naturnära slamawattningsmetoder på slammets 
innehåll av organiskt material, kväve och fosfor. Undersökningen företogs på tre olika nivåer. Slamkvaliteten 
före och efter awattning undersöktes först och främst i en fullskaleanläggning för naturnära slamawattning i 
norra Sverige. V id fullskaleanläggningen installerades även säckar i stålställningar för awattning i pilotskala. 
Dessutom undersöktes slamkvalitetförändringar på grund av awattning i laboratorieskala. En signifikant ned
brytning av organiskt material kunde noteras i både fullskaleanläggningen och i säckar. De viktigaste parame
trarna för att nedbrytningen av organiskt material skulle äga rum verkade vara fullständig infrysning och t i 
nande av slammet, luftkontakt och tid. En uppskattning av kväve- och fosforförluster genom dränvattnet i fulls
kala och i laboratorieförsök indikerade att fosforförlusterna var försumbara och att kväveförlusterna var i stor
leksordningen 6—13 %• 

Introduction 
Sewage sludge is a heterogeneous and complex product, 

produced at many stages in a treatment plant. However, 

sludge contains plant nutrients, such as phosphorus and 

nitrogen, that can be recycled in agriculture provided the 

sludge has low concentrations of heavy metals and other 

undesired pollutants. The recycling of phosphorus is es

pecially needed because of the limited long-term sources 

of this element (Kirkham, 1982). Sludge also contains 

organic matter which is vital for soil fertility (Süss, 

1981). 

Primary, biological and chemical sludge contains 

mostly water and is usually stabilized, conditioned and 

dewatered before either being applied as a fertilizer in ag

riculture or disposed of on landfills or in construction 

work. The dewatering is often achieved in Sweden by 

mechanical dewatering by centrifuges. Another option 

for smaller treatment plants in tempetate/cold climates 

is to employ natural dewatering methods such as freez

ing/thawing with the aid of naturally occurring cold. It 

is a well-known fact that freezing and thawing works 

well as a dewatering method fot sludge. The explanation 

is that a separation of the solids from the liquid fraction 

occurs during formation of ice crystals when the sludge 

freezes. Further reading on freezing theory and sludge 

dewatering by freezing can be found elsewhere 

(Clements etal., 1950; Chalmers, 1959; Halde, 1980; 

Vesilind & Martel, 1990; Hellström & Kvarnström, 

1996; Hellström, 1997; and Hellström & Kvarnström, 
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Figure 1. Draft of sludge treatment facility 
at Lövånger WWTP. 

1997). The stabilizing effect of sludge freezing/thawing 
and subsequent drying does not seem to have been the 
subject of much research. It is known that a certain 
pathogen reduction can be expected due to the freez
ing/thawing event, i f the freezing is complete (Sanin et 
al, 1994). Drying is anothet natural dewatering method, 
and drying beds are the most widely used method of 
sludge dewatering in the United States (Metcalf & 
Eddy, 1991). 

A combination of freezing beds and drying beds has 
earlier been recommended for natural all-year-round 
treatment of sludge in a temperate climate (Poulanne, 
1980; Hernebring & Lagesson ,1986; Reed etal., 1986; 
and Martel, 1993). Such a combination of sludge de-
watering beds in northern Sweden has been investigated 
by Hellström (1997) and Hellström & Kvarnström 
(1997), and found to work well. 

The need for transportation of non-dewatered sludge 
is minimized i f local sludge dewatering is employed. 
This is of importance in northern Sweden where there 
can be long distances between the local and central treat
ment plant. To avoid mixing sludge of different qualities 
is another reason for local sludge dewatering. The close

ness to agricultural land of smaller treatment plants fa
cilitates the recycling of nutrients in agriculture. I t is 
therefore of interest to know how natural sludge de-
watering methods affect the nutritional status and over
all quality of the sludge before application to farmland. 

Objectives and Scope 
One objective of this study was to study possible effects 
of natural dewatering methods on the organic matter 
content in the sludge. Another objective was to evaluate 
how natural sludge dewatering methods affect the N and 
P content in sludge. The possible effect of complete ver
sus incomplete freezing on the sludge quality was a third 
objective. 

The hygienization effect of the freeze/thaw-drying 
and drying was not within the scope of this study. 

Methods 
The research work was carried out on three different 
levels. The effect of natural sludge dewatering on the 
overall status of the sludge was mainly investigated in a 



Table 1. Design data for freezing, drying, and DFTD (Drying-Freezing-Thawing and 
Drying) ditches. 

Design data Freezing ditch Drying ditch DFTD-ditch 

Length, bottom (m) 40 20 24 
Length, top (m) 46 21 25 
Depth (m) 1.5 0.3 0.5 
Width, bottom (m) 4.6 7.0 6.4 
Width, top (m) 9.8 7.6 7.6 
Volume (m 3) 460 45 85 

full-scale natural sludge dewateting pilot plant, consist
ing of several sludge dewatering ditches, in northern 
Sweden. At the plant a pilot-scale sludge dewatering 
unit, consisting of bags in steel racks, was installed and 
utilized for experiments for this evaluation. Laboratory 
experiments utilizing small boxes for sludge freezing and 
drying were also employed in the evaluation process. 

Experimental Setup and Sampling 
Procedure 

Data for Lövånger Wastewater Treatment 
Plant 

The Lövånger wastewater treatment plant (Lövånger 
WWTP), situated about 50 km south of Skellefteå, has 
approximately 1,200 pe connected. The phosphorus is 
removed from the effluent by precipitation with alumi
num sulfate (AVR). The sludge production is about 500 
m3/year, and local sludge treatment at the plant includes 
a sludge thickener, polymer addition and sto tage. 

Description of the Full-Scale Pilot Plant 

In the winter of 1994 a local sludge dewatering unit for 
sludge freezing/thawing and drying was constructed 
beside the wastewater treatment plant. The all-year-
round sludge conditioning facility consists of two un
covered and parallel ditches, as may be seen in Figure 1. 
A representative section of the freezing ditch is shown in 
Figure 2. The sludge is pumped to the ditches through 

HDPE piping and distributed by insulated, manually 
employed valves located along the long sides of the 
ditches. Drainage water from the ditches is collected in 
drainage pipes and pumped back into the plant. Design 
data for the full-scale pilot plant is shown in Table 1. 

The freezing ditch is charged with sludge starting in 
early winter (November), in layers of approximately 10 
cm in thickness, and ends in early spring (April). 
Harvesting of the ditch takes place in August the follow
ing year. 

The drying ditch is charged from spring until midsum
mer (May-June). The sludge dewatering is achieved by 
drainage and evaporation, occurring in July—August. 
The drying ditch should be harvested in Aug.-Sept. the 
same year. 

The Drying-Freezing-Thawing-Drying ditch (DFTD 
ditch) is charged from the middle of summer until early 
winter (July-November). The sludge is allowed to drain 
before freezing. The reason for having this ditch is that 
sludge produced in July-November cannot be com
pletely dewatered by either drying or freezing, but both 
methods must be employed on the sludge in order to 
achieve reasonable dewatering. The ditch can be har
vested in June the following year. 

In 1995 the freezing and drying ditches were both di
vided into two sub-ditches. The different sub-ditches 
were loaded with polymer-blended sludge and non
polymer-blended sludge respectively, in an attempt to 
investigate the effect of polymer addition on the de-
watering process. 

A summary of the dewatering results from the ful l-
scale pilot plant is shown in Table 2. 

Table 2. Initial and final sludge volumes, dry matter results, and harvest dates for all ditches at Lövånger WWTP. Results in brackets 
show the lowest-highest result obtainedfor the parameter in question. 

Freezing ditch Drying ditch D F T D ditch 

1994 1994/1995 1994 1995 1994/1995 

Initial D M content (%) 6-10 2-9 7-9 3-10 5-9 
Final D M content (%) 53(32-72) 26(20-33) 60-90 20-60 29(20-40) 
Harvest Date early Sept. Aug. 16 early Sept. Aug. 16 Aug. 16 
Initial sludge volume (m 3) 110-130 210-250 50-60 100-120 190-200 
Final sludge volume(m 3) 50-60 80-100 5-10 10-20 60-70 
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Table 3. Average heavy metal content in sludge after dewatering in 1995- The source for the median 
value for small treatment plants and for maximum contentfor agricultural application is the Swedish 
Environmental Protection Agency; NV (1993) and NV (1995) respectively. 

Heavy metal 
After dewatering, 
average all ditches 
(mg/kg D M ) 

Median value, small 
treatment plants 
(mg/kg D M ) 

Maximum content for 

agricultural application, 
1998 (mg/kg D M ) 

Cd 1.28 1.2 2 
Cr 42 30 100 
Cu 140 180 600 

Hg 0.98 0.9 2.5 
N i 15 10 50 
Pb 14 35 100 
Zn 375 378 800 

A more detailed description of the full-scale pilot 
plant can be found in Hellström & Kvarnström (1996) 
and Hellström & Kvarnström (1997). 

A comparison between the median values for heavy 
metals found in sludge from small treatment plants 
(< 5,000 pe) showed that the dewatered Lövånger sludge 
had a sludge heavy metal quality in line with the median 
quality for small treatment plants in Sweden, Table 3. 
The heavy metal content in the sludge was also below 
the maximum content of heavy metals stated for 1998 i f 
the sludge is to be utilized in agriculture. 

Full-Scale Pilot Plant Sampling Procedure 

Fresh sludge was sampled at the moment of distribution, 
at one of the valves before the sludge reached the ditch 
surface. A bore, designed for ice core sampling, was used 
to collect samples of frozen sludge before the thawing 
period started. Samples for analysis of dry matter, N , 

and P content were collected by careful digging in the 
ditches, each time in a defined sampling area. Drainage 
water samples were obtained at the pump well, Figure 1, 
and at a sampling well located in the freezing ditch. The 
analyses employed are shown in Table 4. 

Temperature measurements were conducted as de
scribed in Hellström & Kvarnström (1997). 

Description of the Pilot-Scale Bag Setup 

A number of 2 m 3 bags , two in 1994 and five in 1995, 
rigged in steel racks, Figure 3, were installed beside the 
Lövånger WWTP. The reason for having these pilot-
scale bags was to increase the possibility of investigating 
different loading and harvesting strategies. In 1995 non
polymer-blended sludge was investigated as well as poly
mer-blended sludge. The bags, made out of a propylene 
fabric, were insulated with approximately 10 cm of min
eral wool. The bags obtained a cylindrical shape with a 

Table 4. Analyses conducted on sludge, drainage water and sand. Full-Scale Pilot Plant Setup is abbreviated FS, pilot-scale bag setup is 
abbreviated BS and laboratory scale experiment is abbreviated LS. 

Substance Experimental Setup Parameter Method 

Sludge FS, BS, LS Dry matter and ignition residue SS' 02 81 13 
FS,LS Total N NMKL2, 1976, modified 
FS.LS Total P SS 028126 and K L K 3 , 1966, modified 

Drainage water4 FS.LS Total P SS 028127 
FS, LS PO4-P autoanalyzer: TRAACS 800 
FS, LS Total N SS 028131 
FS, LS NH4-N autoanalyzer: TRAACS 800 
FS, LS C O D SS 028142 
FS, LS Suspended Solids SS 028112 

Sand Laboratory Scale Total P KLK, 1965 

1 Swedish Standard 
2 The Nordic Methodology Committee for Provisions 
3 Proclamation from the Royal Agricultural Board 
4 Filtered and non-filtered 
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Figure 3. Pilot-scale bag setup at Lövånger WWTP. 

diameter of approximately 1—1.1 m after being filled 
with sludge. 

Sludge sampling was conducted during harvesting by 
careful digging in the sludge. The analyses employed are 
shown in Table 4. 

Description of Laboratory-Scale Setup 

The fate of N and P due to freezing/thawing and drying 
was investigated in laboratory experiments, Figure 4. 
The sand application in the boxes was accomplished to 
simulate the full-scale situation as close as possible. The 
sludge (2 1 of sludge) in the drying sludge boxes was al
lowed to immediately drain to different dry matter con
tents, wheteas other sludge boxes were located in a con
ventional freezer where the sludge boxes remained until 
frozen. The frozen sludge was thereafter allowed to thaw 
and drain in room temperature to different dry matter 
contents. 

The number of freezing/thawing boxes and drying 
boxes was 9 respectively. 

Sludge samples were collected from the boxes with a 
spoon, carefully avoiding mixing with the underlying 
sand. Drainage water samples were collected from the 
dtainage water vessels. Sand was sampled after the emp
tying of sludge from the boxes. The analyses employed 
are shown in Table 4. 

Statistical methods 

Analysis of variance according to Fisher's least signifi
cant difference was performed on the data, as was simple 
linear regression (Statgraphics Plus, 1995). 

Results and Discussion 

Sludge quality before application 
in the ditches 

There was quite a large variation in the quality of the 
sludge before it was applied in the ditches as far as dry 
matter, N , and P content was concerned. This variation 
is shown in Table 5, where monthly averages during 
January-April, 1995 are displayed. 

The Lövånger W W T P was operated with and with
out polymer addition during 1995. Some of the varia
tion in dry matter content can be explained by this fact, 
since the polymer-blended sludge had a significantly 
higher D M content on the 95 % level compared with 
non-polymer-blended sludge. However, it was not pos
sible to show any significant effect of the polymer addi
tion on the initial N and P content, thus the results from 
the freezing and the drying ditch are presented as aver
ages for the whole ditch respectively. It was also believed 
that other factors, such as the degree of sludge frozen in 
the freezing ditch, were more important than the effect 
of polymer addition for the results investigated in this 
article. 

Figure 4. Sludge box setup. 
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Table 5. Sludge quality before application in the freezing ditch. Non-polymer-blended sludge is abbreviated NP, and polymer-blended 
sludge is abbreviated P. The number of sludge samples is shown within brackets. 

Month and prevailing 
type of sludge 

D M content 

(%) 

Ignition residue 
(% of D M ) 

Tot -N 
(g/kg dry sludge) 

Tot-P 
(g/kg dry sludge) 

N/P ratio 

January NP 
February NP 

March P 
April NP 

4.9 ±1.2 (4) 

3.8 ±1.6 (6) 
6.1 ±3.2 (4) 
4.0 ±2.1 (7) 

33.2+1.4 

31.5±7.9 

33.5±1.9 
34.3±8.6 

19.0±5.5 (4) 
16.3 ±2.4 (6) 

13.1 ±2.9 (4) 

8.6±2.9 (7) 

11.1 ±4.9 (4) 
13.6±5.0 (6) 

11.8 + 2.5 (4) 
11.0 ±2.7 (7) 

2.1 ±1.2 (4) 

1.4 ±0.48 (6) 
1.2±0.57 (4) 

0.78 ±0.18 (7) 

Organic matter content in the sludge after 
treatment 

Full-Scale Pilot Plant 

Sludge cores were drilled in the freezing ditch and the 
DFTD ditch on Apti l 5, 1995. The sludge quality found 
on this date was assumed as the initial sludge quality be
fore the thawing and drying process started in the 
ditches. Al l ditches were sampled on August 14, 1995, 
which was two days before the harvesting of the sludge 
ditches. The sludge quality on August 14 was thus con
sidered as the final quality of the sludge dewatered in the 
ditches. 

Significant increases on the 95 % level in ignition res
idue were noted for both the freezing ditch and the 
DFTD ditch between April 5 and August 14, 1995, 
with a larger ignition residue increase in the D F T D 
ditch compared with the freezing ditch, Table 6. A sim
ilar significant increase in ignition residue was noted for 
the sludge between the initial sludge values and the har
vest date values in another full-scale sludge freezing ex
periment in northern Sweden (Hernebring & Lagesson, 
1986). An increase in ignition residue from 35 to 45 % 
signifies, assuming that no inorganic material leaves the 
sludge, a degradation of approximately 34 % of the or
ganic matter. The mass reduction would be 22 % for the 
case mentioned above. 

This increase in ignition residue showed that some of 
the organic matter was degraded during the drying pe
riod in the summer in the ditches where sludge was not 
continuously applied. The ignition residues were higher 
in the freezing and the DFTD ditch in 1995 compared 
with the drying ditch, where sludge was continuously 
applied during the summer. 

Complete freezing occurred in 1994 in the freezing 
ditch, producing an end product with high dry matter 
content and high ignition residue content. A variation of 
dry matter and ignition residue content was noted with 
sludge depth in the freezing ditch in 1994. The highest 
ignition residue content, 44-46 % of D M , was found in 
the bottom layers of the freezing ditch, where the dry 
matter content was approximately 30-40%. The top 
layer in the freezing ditch had a dry matter content of 

60-70% and an ignition residue content of approxi
mately 40 %. This indicated that the bottom layers had 
contact with air due to the fluffy structure of the frozen 
and thawed sludge. It also indicated that the degradation 
of organic matter probably ceased at an earlier point in 
the upper layer of the freezing ditch, due to lack of mois
ture. Complete freezing did not occur in 1995 in the 
freezing ditch, and lower ignition residue values were 
noted for the freezing ditch in 1995 compared with 
1994. 

The importance of air contact for the degradation of 
organic matter was visible also in 1995 for the freezing 
ditch, where the increase in ignition residue was smaller 
than in the D F T D ditch. The bottom layers in the freez
ing ditch that year were frozen but covered with an un
frozen sludge layer. The fluffy and frozen sludge in the 
bottom had thus no air contact, and the original black 
color consequently persisted and less organic matter de
graded during the course of time, compared with the 
frozen top layer of the DFTD ditch. The consequence of 
air for the degradation of the organic matter in the 
sludge is also visible in Figure 5, where a separation of 
top layer values (previously frozen sludge with a fluffy 
character and a brown-grey color) and bottom layer 
sludge (unfrozen black sludge) in the D F T D ditch was 
made, and evaluated over time. Around mid-June it is 
clear that the ignition residue in the top layer increased 
to a much larger degree than that in the bottom layer. 
For the initial values (April 5, 1995) the bottom layer 
had a higher ignition residue than the top layer. The rea
son for this was that the first sludge layer in the DFTD 
ditch was applied in the very dry and warm late summer 
of 1994, and it is probable that an increase in ignition 
residue occurred in that very bottom layet before the 
subsequent sludge layers were applied, the latter layers 
being unaffected by the warm summer. This very bot
tom layer dried to such a degree that a cracking of the 
surface evolved before other sludge layers were applied. 
This implies that fresh sludge applied during the fall of 
1994 trickled down in between the already dry and 
cracked, previously applied sludge. This fact can explain 
why the bottom layer ignition residue value varied 
greatly between fot example May 8 and June 8 (June 8 
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Table 6. Ignition residue in the different ditches at Lövånger WWTP. Median values within brackets. 

Ditch Date D M content (%) Ignition residue 

Freezing 1994 August 23 5 53.2 ±16 (52.3) 43.0 + 3.6 (42.7) 

Freezing 1995 Apri l 5« 12.4±3.8 (12.8) 35.0±2.5 (35.4) 
August 147 25.6 ±3.7 (24.6) 37.4±3.4 (37.1) 

D F T D 1995 April 5 8 15.0±6.8 (13.4) 36 .3±2.3 (35.4) 
August 14 9 28.8±7.6 (26.4) 42.4±3.8 (42.4) 

Drying 1995 August 14'° 30.1 ±9.9 (25.8) 34.8 ±1.9 (35.2) 

5 The number of analyses was 7 spread over 3 sampling spots. 
6 The number of analyses was 14 spread over two sludge cores drilled in connection with the distribu

tion valves. 
7 The number of analyses was 25 spread over four profiles in connection with the distribution valves. 
8 The number of analyses was 4 from one sludge core in connection with one distribution valve. 
3 The number of analyses was 6 spread over two profiles in connection with the distribution valves. 

1 0 The number of analyses were 4 spread over two profiles in connection with the distribution valves. 

being a sample probably including the very dry bottom 
layer). 

Temperature measurements in the D F T D ditch 
showed that the sludge temperature was higher than the 
ambient air temperature in both the top and bottom 
layer due to the degradation of organic matter, Figure 6. 
A trend showing an increase in temperature was also 
noted for the freezing ditch in 1995. The ditch was, 
however, harvested before the temperature reached 
above the maximum air temperature. 

Pilot-Scale Bag Setup 

The ignition residue was also investigated in the pilot-
scale bag setup. Results from the bag experiment are 
shown in Table 7. Bags 1 to 3 were charged with poly
mer-blended sludge, whereas bags 4 and 5 were loaded 
with non-polymer-blended sludge. Al l bags were com
pletely thawed at approximately the same time: around 

June 10, 1995. A difference in ignition residue between 
frozen and unfrozen sludge could be noted for bag 1. 
The unfrozen sludge had an ignition residue of 39 %, 
whereas the same value for the frozen sludge was 53 %. 
Bags 2 and 3 both contained sludge that was frozen to 
the same degree, 90-100 %, but still displayed large dif
ferences in ignition residue results. The reason for this 
was the difference in harvesting technique. Bag 2 was 
harvested on one occasion at the end of the summer, 
whereas bag 3 was harvested continuously, the harvest
ing occasions being decided by the thawing rate in the 
bag. This showed the effect of prolonged drying on the 
increase in ignition residue for frozen and thawed 
sludge. The same teasoning is valid for the difference in 
ignition residue noted for bags 4 and 5. However, less 
sludge was frozen in bag 4 compared with bag 2, which 
explains the lower final ignition residue content in bag 4 
compared with bag 2. 

Temperature measurements in bag 1 indicated a sub-

Figure 5. Average ignition residue in top and 
bottom layer in the DFTD ditch. The averages 
are calculated from two sampling sites on each 
sampling occasion. 
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Figure 6. Temperature evolution in the very 
top and in the bottom layer of the DFTD ditch 
during the summer of1995. Note that the sen
sor in the upper layer was in contact with air 
after July 10 due to a decreasing sludge level. 
Thus, data from July 10 and onwards have 
been excluded. 

stantially higher sludge temperature than the ambient air 
temperature, Figure 7a, indicating activity in the bag. 

Bag 4 displayed elevated ignition residue values as 
well, even though it was not subjected to complete or 
near complete freezing. Elevated temperatures were 
noted for bag 4 close to the edge of the bag, indicating 
that degradation of organic matter occurred in this bag, 
Figure 7b. It is believed that it was the close contact with 
air for the edges of the sludge bag that promoted the deg
radation of otganic matter. 

Summary 

Conclusive results tegarding the increase in the ignition 
residue were found for the full-scale pilot plant and for 
the pilot-scale bag setup. Freezing/thawing, allowing for 
a structural change of the sludge matrix promoting air 
contact without any mechanical aeration, seemed to be 
an important factor for a degradation of organic mattet 
to occur. Increased temperatures, compared with the 

ambient air temperature, were noted in the D F T D ditch 
and in bags 1 and 4 where sludge temperature measure
ments were conducted. The temperature measured in 
bag 1 was higher than what was found in the DFTD 
ditch. It is possible that the bag setup prevented the 
sludge from being cooled as efficiently as the DFTD 
ditch was cooled. 

The importance of a prolonged drying period for 
freeze/thaw treated sludge for an increase in ignition res
idue content was shown in the pilot-scale bag setup. 

N and P content in the sludge after 
treatment 

Full-Scale Pilot Plant 

The N and P contents in the sludge from the different 
ditches before thawing and at the harvest are shown in 
Table 8. The N and P contents have been calculated 
both on a dry matter basis and on an ignition residue 

Table 7. Results from pilot-scale bag setup 1995. Ignition residue is abbreviated ign. res. 

Parameter Bag l Bag 2 Bag 3 Bag 4 Bag 5 

No. of applications 1 3 3 6 6 

Applied volume (L) 1650 900 900 1650 1650 

Average initial D M content (%) 7.6 4.7 4.7 4.3 4.3 

Last harvest date Aug. 9 Aug. 9 Jun. 20 Aug. 9 Jun. 20 

Multiple harvest? No No Yes No Yes 

% frozen sludge 3 5 ^ 5 90-100 90-100 20-30 20-30 

Final D M content (weighted average in %) 24.4 32.0 27.8 23.6 21.2 

Final ign. res. (weighted average in % of D M ) 44.2 46.7 38.0 43.7 34.0 

Final ign. res. in frozen sludge 
(weighted average in % of D M ) 52.6 

Final ign. res. in unfrozen sludge 
(weighted average in % of D M ) 38.9 

Lowest ign. res. (% of D M ) 44.6 33.9 41.6 32.8 

Highest ign. res. (% of D M ) 48.5 40.9 46.7 36.7 
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Figure 7 a.. Sludge temperature data for the lower 
sludge layer in hag 1, 1995. 
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basis. The calculation on the ignition residue basis does 
not reflect the amount of N or P found in the ignition 
residue, but the total N and P contents per kilogram of 
sludge based on the ignition residue instead of the dry 
matter content. 

A low value for the total N content based on the igni
tion residue in the freezing ditch was noted. A dry top 
layer sample with an elevated ignition residue was the 
reason for that value. An average for the N content based 
on the ignition residue without the above mentioned 
sample would be 38.9 ±9.5 g/kg of ignition residue. 

No significant differences regarding N and P content 
changes in the freezing ditch and D F T D ditch between 
the two sampling dates could be noted. Any change vis
ible in Table 8 is therefore not significant. The N and P 
contents found in the drying ditch were similar to the re
sults for the other ditches. A comparison of the initial 
sludge quality, Table 5, is hard to carry out since it was 
impossible to identify the exact change in the nutrient 
content of the sludge applied in January, for example, by 
sampling the freezing ditch in April and August. One 
may notice, however, that a decrease in the N/P ratio 

was indicated between the average initial values, which 
were in the neighborhood of 1.3, and in April when the 
N/P ratio in the ditches was close to 1. This might indi
cate a loss of N from the freezing ditch before the start 
of the drainage period. 

The P content, calculated on a dry matter basis only, 
seemed to increase in the DFTD ditch, though not sig
nificantly, due to treatment. This increase is most prob
ably only due to the degradation of organic matter, and 
the P content values based on the ignition residue con
firm this reasoning, since the P content then stayed ap
proximately the same or decreased somewhat. This is 
logical since the sludge P is composed of both an organic 
and an inorganic fraction, the inorganic fraction most 
probably (assumed without being investigated within 
this study) being the largest for the Lövånger sludge, 
since it is a chemical sludge. Therefore the P increase due 
to treatment is caused by the degradation of organic 
matter. The same reasoning might be valid for N in the 
D F T D ditch. 

Another procedure to evaluate the N and P changes 
due to freeze/thaw treatment was performed on two 

VATTEN -3-97 261 



Table 8. Sludge quality in the different ditches. Median values in brackets. Ignition residue is abbreviated ign. res. 

Ditch 
Date 

1995 

To t -N 
(g/kg D M ) 

Tot-P 
(g/kg D M ) 

To t -N 
(g/kg ign. res.) 

Tot-P 
(g/kg ign. res.) 

N/P ratio 

Freezing April 5 " 14.5±2.6 15.4*1.0 41.9*9.4 44.4*5.0 0.94*0.18 
(15.0) (15.8) (41.7) (43.5) (0.96) 

Aug. 14" 14.0*4,2 15.3*1.8 37.6*11 41.0*6.1 0.93*0.30 
(14.2) (15.1) (39.5) (41.4) (0.95) 

D F T D April 5 » 15.7*2.2 15.7*0.8 43.6*7.9 43.3*3.5 1.0*0.17 
(15.6) (15.5) (44.1) (43.3) (0.98) 

Aug. 1414 17.6*3.1 18.3*2.6 41.4*5.7 43.0*2.5 0.96*0.14 
(17.0) (18.5) (38.5) (43.6) (0.95) 

Drying Aug. 14'5 15.0*1.9 14.9*1.4 43.4*6.9 42.8*3.3 1.0*0.14 
(15.1) (14.7) (43.5) (42.1) (1.0) 

1 The number of analyses was 14 spread over two sludge cores drilled in connection with the distribution valves. 
2 The number of analyses was 24 spread over four profiles in connection with the distribution valves. 
3 The number of analyses was 4 from one sludge core in connection with one distribution valve. 
4 The number of analyses was 6 spread over two profiles in connection with the distribution valves. 
5 The number of analyses was 4 spread over two profiles in connection with the distribution valves. 

sludge cores drilled on April 5, 1995 in the freezing 
ditch. The sludge cores were brought into the laboratory 
and one half of each core was allowed to thaw and drain 
before the N and P analyses, whereas the other two 
halves were not allowed to drain before being analyzed. 
The effect of drainage in a more controlled environment 
could then be evaluated. The N and P contents before 
and after drainage are shown in Table 9. 

A small decrease in the N content was noted, indicat
ing that possibly 13% of the N in the sludge left with 
the drainage water. However, the decrease in N content 
was not significant on the 95 % level, but on the 90 % 
level. 

A small increase in P content was also noted, but this 
was not significant on the 95 % level. A possible expla
nation to this indicated increase in P is that a relative 
concentration of P can take place i f more of other sub
stances, compared with P, leave the sludge with the 
drainage water. Is is known that non-drained freeze/-
thawed sludge contains more dissolved solids than does 
the untreated equivalent (Katz & Mason, 1970). When 

ice crystallization takes place in a dilute salt solution, 
some of the solution is trapped in interstices between 
crystals, even though the crystals themselves are free 
from salt (Buchanan in Dorsey, 1940). This theory ap
plied to sludge freezing implies that, when sludge 
freezes, sludge particles are captured by growing ice crys
tals and with them a portion of unfrozen liquid. The 
liquid in the pockets continues to freeze, which means 
that water is drawn from the sludge particles and the 
sludge particle is dehydrated. The water drawn from the 
sludge seems to have a high content of dissolved solids, 
which upon thawing represents an increase in dissolved 
solids content in the undrained sludge (Katz & Mason, 
1970). The dissolved solids would then leave the sludge 
in the drainage water upon drainage. 

Another way to evaluate whether changes in the N 
and P content occurred during the treatment in the 
ditches was to look at the N and P concentrations in the 
drainage water leaving the ditches. The average drainage 
water quality for 1995 is shown in Table 10. 

An estimation of the drainage water volume was nec-

Table 9. Average N and P content in drilled sludge cores from the freezing ditch, April 5, 1995. The num
ber of samples from both cores together is 14. 

Content before Content after Loss due to drainage 
Substance drainage drainage (%) 

D M (%) 11.3*3.75 16.7*1.52 _ 
Ignition residue (% of D M ) 35.0*2.53 34.8*1.89 — 
N (g/kg D M ) 14.5*2.6 12.9*2.6 13 
P (g/kg D M ) 15.4*1.0 15.9*0.86 -3 
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essary in order to estimate the total amount of N and P 
leaving the sludge ditches in the drainage water, since no 
regular measurements of the drainage water volumes 
were made. The estimation of the drainage water volume 
was based on our knowledge of changes of dry matter 
content in the ditches and precipitation data. The 
roughly estimated volume of drainage water leaving the 
ditches from the time of sludge thawing to the harvest 
event was 400 m 3 , of which the actual drainage watet 
from the ditches was 300 m 3 and the estimated precipi
tation 100 m 3 . 

The total amount of N that left the sludge in the 
drainage water would, based on the figures above, be 
around 35 kg. The same figure for P would be 0.150 kg. 
This in relation to the amount of N and P that was ap
plied with the sludge in the ditches indicated a negligible 
loss of P (< 0.1 %) and an N loss of approximately 7 %. 
This would be losses in drainage water only. It is also 
possible to lose some N to the air from the upper layers 
of the sludge. 

Laboratory Experiments 

The N and P content in freeze/thaw dewatered sludge 

Table 10. Average drainage water quality for 
1995 from the dewatering ditches at Lövånger 

WWTP. 

Parameter Content (mg/L) 

Suspended solids 140±95 (17) 
COD 798±197(17) 
Total P 0.33±0.14 (17) 
Total N 84±30 (17) 
N H 4 - N 78±28 (17) 

and dried sludge evaluated on a laboratory scale basis re
vealed no significant differences for the different de-
watering methods between the initial sludge content and 
the content after dewatering. No difference between 
freeze/thaw dewatered sludge and dried sludge could be 
noted either. A plot of N and P versus dry matter in 
sludge and dewatering method is shown in Figure 8. The 
very low N value for 86 % D M content in Figure 8a 
might indicate that the N content will be low in sludge 
of extremely high dry matter content. 

Figure 8a. N content in sludge before and after 
dewatering by freezing and by drying in the 
laboratory. 
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Figure 8b. P content in sludge before and after 
dewatering by freezing and by drying in the 
laboratory. 
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Table 11. Drainage water analyses from laboratory experiments. 
Median values are within brackets. 

Substance Dewatering method 
% of substance in 
drainage water 

N Freezing 5.79 + 0.97(5.99) 
Drying 5.95±0.43(5.83) 

P Freezing 0.013±0.004(0.013) 
Drying 0.022 ±0.006(0.022) 

Drainage watet analyses from laboratory experiments 
are shown in Table 11 . 

It is possible that more P left the sludge than what 
could be noted in the drainage water since the drainage 
water was filtered through a sand layer. The possibility 
of P being absorbed in the sand was investigated in the 
laboratory experiments. An increase in P content could 
be noted in the sand from sludge dewatering boxes, 
however not significant. Thus it is possible that P was 
absorbed in the sand, but it was not possible to evaluate 
this within this study. 

Summary 

The sludge analyses from both the full-scale dewatering 
unit and the laboratory experiment indicated that no 
significant differences regarding changes in sludge N 
and P content due to the dewatering processes were 
found. Evaluation of sludge samples from sludge cores 
drilled in the freezing ditch before thawing indicated no 
loss of P and an N loss of 13 %, the latter insignificant, 
however, on the 95 % level. The estimation of N and P 
losses in drainage water from the full-scale pilot plant 
and from the laboratory experiments indicated a negli
gible loss of P and an N loss of about 7 % in the drain
age water. 

As is visible in Table 6 for the August 14 values, the 
different forms of treatment rendered an approximately 
equal end product as far as total N and total P contents 
are concerned. The N and P status did not seem to 
change to any latge extent by the natural sludge dewater
ing. Important to notice is the fact that the bulk drain
age water left the ditches before the degradation of or-
ganic matter started. Possible losses of N and P due to 
the degradation of organic mattet were not investigated 
within this study. Yet, since no significant effects of the 
dewatering were noted from before thawing to harvest, 
it is believed that the organic matter degradation did not 
affect the sludge nutrient quality negatively. However, 
organic matter is degraded, which might be a drawback 
i f the sludge is to be recycled in agriculture. One way to 
avoid this is to harvest the sludge as soon as it has thawed 
in the spring and then spread it on farmland. On the 
othet hand, i f the main purpose of the sludge treatment 

is to decrease the sludge mass, one should let it degrade 
in the ditches as long as possible before harvest. 

Conclusions 
A significant degradation of organic matter in the sludge 
occurred during the summer in the drying-freezing-
thawing-drying ditch (DFTD ditch) and freezing 
ditches respectively. The most important factors for a 
degradation of organic matter to occur seemed to be the 
complete freezing/thawing of the sludge, air contact, and 
time. 

Estimation of loss of N and P through drainage water 
analyses from the full-scale pilot plant, laboratory ex
periments and a controlled drainage laboratory experi
ment suggested that P losses would be negligible and N 
losses due to drainage would be 6-13%. The losses 
could not be confirmed by analyses of sludge samples be
fore and after treatment, since no significant differences 
were noted for N and P contents before and after the de-
watering event. The different natural sludge dewatering 
methods investigated within this study yielded similar 
final contents of N and P in the dewatered sludge, irre
spective of dewatering method. 
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ABSTRACT 

The development of a sustainable sewerage system includes the utilisation of nutrients from human urine and 

faeces in agriculture. One strategy for developing a sustainable sewerage system is to handle urine separately 

and use it as a fertiliser. One important reason for this strategy is the fact that urine is the source of around 

70% of phosphorus and around 90% of nitrogen in black wastewater (wastewater from water closets). 

However, experience from systems with urine separation is limited. In this study a urine separation system in 

an "ecological" village in northern Sweden has been investigated. The village consists of 17 self-contained 

houses and the number of inhabitants have varied around 55 persons. The sewerage system is equipped with 

urine separation toilets. Thus, the urine is intended to be collected separately and led through a sewer system 

to a collection tank for urine. However, the collected urine was found to be relatively diluted. This could to 

some extent be explained by errors in the construction of the toilet. However, the main reason for the dilution 

is probably leakage of water into the urine sewer system. The study also showed that less than about half of 

the nitrogen and phosphorus from human urine disposed of through the toilets of the village was successfully 

collected. Thus, the study shows that the successful operation of a urine separation system is very dependent 

on well-designed toilets and a user behaviour that promotes a high degree of separation. © 1997 IAWQ. 

Published by Elsevier Science Ltd 

KEYWORDS 

Ecological village; human urine; nitrogen; phosphorus; separation toilet. 

BACKGROUND 

The development of a sustainable sewerage system includes the utilisation of nutrients from human urine 
and faeces in agriculture. The possibilities to carry this out today are limited. Phosphorus is somewhat re
used in conventional systems provided that the sewage sludge is utilized in agriculture. However, the quality 
of the sludge is not fully trusted among agriculturists and food producers. One uncertainty is the difficulty of 
guaranteeing the quality of all sludge and the risk of the presence of non-analysed, but hazardous 
compounds in the sludge. Another problem, which is indirectly related to the sewerage system, is the fact 
that a very large part of the population in a modern urbanised society lives on a comparatively small part of 
the land. Hence, the food is transported from a large area to a small one and a nutrient such as phosphorus 
will be accumulated near the densely populated areas and inefficiently used if it is not transported back to 
the areas of food production (Günther, 1992). 
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The reasons for recycling nutrients are different for different nutrients, which is illustrated by the situation 
for phosphorus and nitrogen. The source of phosphorus as a fertiliser is mineral phosphorus (Günther, 1992). 

The amount of concentrated phosphorus in minerals is limited (Smil, 1990). Another problem with fossil 
phosphorus is that it is contaminated with cadmium (SNV, 1993). Thus, mining of phosphorus means a net 
input of cadmium into the biosphere and a risk of accumulation of cadmium. Concerning nitrogen, one could 
not say that nitrogen itself is a limited resource. However, significant quantities of energy are needed to 
produce nitrogen fertiliser (Bickman et al, 1980). In addition, it should also be remembered that to achieve 
removal of nitrogen from wastewater by biological methods, an extra input of energy and other physical 
resources are needed. The upgrading of treatment plants to achieve biological nitrogen removal also means a 
significant economic investment. 

One strategy for developing a sustainable sewerage system is to handle urine separately and use it as a 
fertiliser. One important reason for this strategy is the fact that urine is the source of around 70% of 
phosphorus and around 90% of nitrogen in black wastewater (wastewater from water closets) as average 
values according to data from SNV, Table 1. In addition, the urine is relatively low in heavy metal 
concentration and also relatively easy to handle. 

Table 1. The distribution of nutrients in Swedish domestic wastewater, an estimation of average values 
(SNV, 1995) 

Urine Faeces Greywater Total 
g/p.d % g/p.d % g/p,d % g/p,d 

Nitrogen 11 (82) 1.5 (11) 1.0 (7) 13.5 

Phosphorus 1.0 (48) 0.5 (24) 0.6 (28) 2.1 

Potassium 2.5 (63) 1 (25) 0.5 (12) 4.0 

Experience from systems with urine separation is limited. The results from an inventory made by Hanæus 
and Johansson (1996), during March-April 1996, concerning existing systems with urine separation show 
that there were eleven bigger (more than five households connected or in the case of schools more than 100 
pupils connected) systems in Sweden. Most of them were new, seven of the eleven systems started to 
operate during 1995 or later. In spite of some problems with different components in the systems, the overall 
impression of the inventory is that the systems were working well. Problems that have arisen can often be 
assigned to the design and the use of the toilets and the accuracy of the construction of the sewer system. 
Most of the problems concern unpleasant odour indoors, laborious cleaning of the toilets, trouble in 
installing the toilets, high volumes of flush water and seepage into the sewer system. Generally there have 
been no problems to make use of the collected urine as a fertiliser, even if the subject was not solved at some 
of the sites until after the systems had started to operate. The inventory also showed that there is a lack of 
investigations concerning what happens to urine during storage and spreading. 

However, a high degree of utilisation of nutrients and the development of a sustainable sewerage system do 
not only involve the design of the technical system. It is also necessary to find a balance between farmland 
areas, where the nutrients are to be utilised, and the population density, in order to rninirnise the resources 
needed for nutrient transportation and food production and distribution. 

In this study a urine separation system in a village in northern Sweden has been investigated. The village 
was designed with the aim of contributing to the development of a decentralised wastewater system, thus 
increasing the potential for reuse of the nutrients supplied to the system. 

The village of Biörsbvn 

The ecological village of Björsbyn, situated 5 km north of Luleå city centre, was built in 1994. The initiative 
to design and build this kind of village was taken by NLH (Norrbottens Läns Hushållningssällskap-the 
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Agricultural Society of Norrbotten County), a one hundred year old organisation whose aim is to keep the 
traditions of agricultural life alive also in urban environments. 

Definitions of the concept "ecological village" may vary. Here this concept is used only to point out that the 
inhabitants' way of living is deliberately changed from traditional urban habits towards a more sustainable 
lifestyle. 

At Björsbyn this change of direction is exemplified by the use of urine separation toilets, composts for 
biodegradable organic wastes at each house and a small outhouse for the collection of paper and glass 
separated from the solid wastes. The wastewater system is owned by the house-owners' association, and its 
maintenance will from 1997 be the responsibility of this association. 

The Björsbyn village consists of 17 self-contained houses. They may be divided into groups in relation to 
their connections to different parts of the wastewater system according to Table 2 and Figure 1 (Hanæus & 
Johansson, 1996). The total number of inhabitants have varied around 55 persons during this investigation, 
60 % of them being grown-ups and 30 % being less than 7 years of age. 

The house-owners' association also owns and runs a bakehouse. 

Table 2. Number of houses and inhabitants in the ecological village during 1996. (*One family moved into 
the village during March 1996) 

Area No. of houses No. of inhabitants 
A 6-7* 19-21* 
B 3 10 

C 7 27 

Figure 1. Plan of the ecological village and its wastewater system (Hanæus & Johansson, 1996). 

JWST 35:9-F 
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Attitudes 

Interviews have been carried out among the inhabitants (NLH, 1996) and indicate the following experiences 
from 14 families interviewed: 

. the population was well-mixed with respect to occupations 

. "ecological concern" was for only two of the families a major argument for moving into the village (the 
main argument was "an attractive rural area within a reasonable distance from the city centre") 

. concern about the environment had increased among all the families during their 
residence time in the village. 

Objectives 

The aim of this project was to describe a full-scale sewerage system using urine separation toilets. Particular 
interest is given to the amounts of nitrogen and phosphorus collected in such a system. Practical aspects such 
as the reliability of the sewerage system and difficulties in using the new type of toilet have also been 
considered. 

The sanitary systems in Björsbyn 

Drinking water is supplied to the village by conventional means, i.e. delivery from the distribution network 
of Luleå. The water is metered as it enters the village area, and the following consumption values have been 
recorded, Table 3. 

Table 3. Average water consumption in Björsbyn, Hanæus & Johansson, 1996 

Period Water consumption l/p«d 
March 1994 - November 1994 
November 1994 - April 1995 

158 
98 

The values are low compared with the average household water consumption in Sweden, 195 l/p*d during 
the year 1992 and may be explained by an increasing ecological concern shown by the inhabitants. 

The great difference in water consumption between the years may be attributed to the fact that lawns were 
planted during the spring of 1994, the first year of residence. 

The sewerage system in Björsbyn (Figure 4) is equipped with urine separation toilets (Figure 5). The toilets 
are similar to conventional Swedish toilets, except that they are equipped with a small collection unit for 
urine and an additional flush-water system for this unit. Thus, the urine is supposed to be collected 
separately and led through a sewer system to a collection tank for urine. The pipes used to collect and 
transport the urine from the houses to the storage tank are made of PVC and have a diameter of 75 mm and 
total length of 1800 m (about 30 m/pe). There are three different urine storage tanks, with volumes of 10 m 3 

(tank A), 5 m 3 (tank B) and 10 m 3 (tank C) respectively. The tanks have been dimensioned in order to store 
the urine for a period of eight months as a maximum. The criteria used when dimensioning the tanks has 
been 1.5 1 urine/pe,d and 0.4 1 flush water/pe,d. When the tanks are full, or urine is needed, the tanks are 
emptied by staff from NLH to use the urine on farmlands near the village. It should also be mentioned that 
the storage tanks are equipped with overflow sewerage pipes connected to the septic tanks. 

Wastewater from utility rooms, bathrooms and kitchens and faeces and toilet paper are collected and treated 
by septic tanks followed by infiltration beds. The septic tanks have a volume of 12 m3/treatment unit (i.e. 
about 0.6 m3/pe) and the infiltration beds have a total size of 470 m 2 all together (i.e. about 7.8 m2/pe). 

The sludge from the septic tanks is treated locally by a combined sludge drying, freezing and composting 
unit. After treatment, the sludge is used as a fertiliser and a soil conditioner on lands near the village. 
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Figure 4. The sewerage system in Björsbyn 

Fisure 5. The toilet used in the ecological village. The urine is collected through the small holes at the bottom of 

the small cup located in the middle of the toilet. The toilets have been manufactured by the Norwegian company 

Porsgrund and distributed by the Swedish company "WM-ekologen". 
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The stormwater from the village is led through ditches and spread out into the surrounding countryside. 

Estimation of nutrients in the separated urine 

In order to estimate the amounts of nitrogen and phosphorus, the volume of urine and the concentration of 
those nutrients have been measured regularly in the storage tanks. An investigation concerning the function 
of the infiltration beds has also been performed. The concentration of nitrogen and phosphorus in the 
effluent from the septic tanks has been measured in connection with the investigation of the infiltration beds. 

The preparation of samples for measurement of nitrogen and phosphorus was conducted according to 
Swedish standard (SS 02 81 02, SS 02 81 31 and SS 02 81 34). The concentrations of total nitrogen, NH 3-N 
and total phosphorus were then measured by using an automated procedure for analysis (an autoanalyser -
TRAACS 800 - Bran+Lubbe). 

Interviews with the inhabitants of the village have also been carried out in order to estimate how frequently 
and in which way they used the toilets. 

RESULTS AND DISCUSSION 

The concentrations of nitrogen and phosphorus in the storage tanks (Table 4) were relatively low compared 
with concentrations normally found in urine (SNV, 1995). This could to some extent be explained by the 
relatively large amount of flush-water that could seep into the urine collection unit if the toilet is flushed in 
order to remove faeces and paper. However, the low concentration of nutrients in tank A and C also 
indicates a leakage of water into the urine sewer system. The problem of water leaking into the sewer system 
has also been confirmed by observations and sampling after the period presented in Table 4. For example, 
the concentration of nitrogen in tank A and C was less than 0.20 g tot-N/1 at several sampling occasions 
during the summer of 1996 and a continuous inflow of water into the tanks was observed on most of the 
sampling occasions. Important consequences of the dilution of urine are the dramatically reduced storage 
times and problems in handling the extended volumes of diluted urine. 

Table 4. Concentration of nitrogen and phosphorus in the storage tanks during the period 9/12/95-15/4/96. 
The numbers are given as medium values and standard deviation. It should be noted that samples from 

periods with wastewater coming from the septic tank have been excluded 

Tank A Tank B Tank C 

No. of samples 9 7 8 

Tot-N, g/1 0.54 + 0.25 2.84 + 0.14 1.38 ±0.12 

NFL-N, g/1 0.46 ± 0.22 2.51 ±0.12 1.17 + 0.15 

Tot-P, g/1 0.031+0.015 0.169 ±0.012 0.066 ± 0.006 

NFL-N/Tot-N 0.85 ± 0.09 0.89 ±0.04 0.85 ± 0.06 

N/P 17.6 ±2.5 16.8 ±1.1 21.0 ±1.7 

pH 8.3 8.9 8.7 

One problem that occurred during the investigated period was a total failure of two of the infiltration sites (B 
and C) at the end of the winter of 1995/96 (late March and early April). The failure was probably due to 
freezing and resulted in an increased water level in the septic tanks and finally a backflow of wastewater 
from the septic tanks into the urine storage tanks. 

The results presented in Table 4 also show that 85-90 % of the nitrogen appeared as ammonia and that pH 
was relatively high in the storage tanks. This indicates a risk of losses of nitrogen through ammonia 
evaporation. On the other hand, the relatively high N/P-ratio indicates that the losses of nitrogen compared 
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with losses of phosphorus have been small. The losses of phosphorus could probably be explained by 
precipitation of phosphorus compounds within the sewer system (precipitates were observed) and the urine 
storage tanks. 

The total amount of nitrogen and phosphorus that entered the storage tanks during the period studied is 
shown in Table 5. The results indicate that the separation of urine has been incomplete. If about 70 % of the 
toilet visits occur at home (which could be assumed based on data from the interviews) and if every adult 
generates about 11 g tot-N/d by urine (Table 1), the degree of separation could be estimated to be 50-60 % 
(corrections have been made according to the number of adults and children respectively). 

Table 5. The amount of nitrogen and phosphorus collected in the urine storage tanks 

Tank A Tank B Tank C 

Tot-N, g/pe,d 2.8 3.3 3.7 

Tot-P, g/pe,d 0.16 0.18 0.18 

The amount of phosphorus and nitrogen in the outflow from the septic tanks has been estimated to be about 
3.5-4.5 g tot-N/pe,d and 0.6-1.0 g tot-P/pe,d. However, the estimations are based on relatively few sampling 
occasions and the flow has been assumed to be 100 l/p,d (Table 3). It should also be noted that some 
nutrients will be found in the sludge from the septic tanks. There is only one result available from analysis of 
the sludge. Results from this analysis show that the sludge contains about 15 g tot-N/kg TS and about 2.2 g 
tot-P/kg TS. If the amount of sludge per person is assumed to be 20-30 g TS/d the amount of nutrients found 
in sludge is about 0.3-0.5 g tot-N/pe,d and 0.04-0.07 g tot-P/pe,d. Thus, the results from the analysis of 
septic tank effluent and sludge compared with the results from the urine storage tanks indicate that less than 
50 % of these nutrients coming from the toilets has been successfully collected and transported to the urine 
storage tanks. 

Considering the infiltration beds it could be said that they are poorly designed and not well located. Further, 
the incomplete separation of urine means that the effects of low concentrations of nutrients compared with 
other compounds in the wastewater were not possible to evaluate at the infiltration beds. 

CONCLUSIONS 

The study shows that the successful operation of a urine separation system is very dependent on well-
designed toilets and a user behaviour that promotes a high degree of separation. The study also shows that 
special attention should be given to the avoidance of leakage of water into the urine sewers. In this urine-
separating system, which may be characterised as being an experimental one, less than about half of the 
nitrogen and phosphorus from human urine disposed of through the toilets of the village was successfully 
collected. 
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Abstract 
Sewerage systems with urine separation toilets have been proposed in order to achieve a circulation of nutrients 
that have not been contaminated by hazardous compounds, such as heavy metals. To obtain this is it necessary 
that the losses of nutrients from such a system are small. One problem for urine separation systems is the 
conversion of urea into ammonium, which can result in losses of nitrogen through evaporation of ammonia. 
Two laboratory experiments have been performed in order to investigate the influence of certain factors on the 
conversion of urea to ammonia during the storage of human urine. The studied factors were temperature, 
contamination by wastewater, dilution of urine and addition of acid. The storage time was about four months. 
The results show that the conversion of urea could be inhibited by the addition of acid. Further, contamina
tion by wastewater wil l dramatically increases the rate of conversion of urea. An increased temperature also 
increases the rate of conversion, while the effect of dilution is less obvious. 

Key Words - Human urine, storage, nitrogen, urea, ammonia, p H . 

Sammanfattning 
Urinsorterande avloppssystem kan vara en strategi för att erhålla ett näringskretslopp som inte är förorenat av 
farliga ämnen som t ex tungmetaller. För art uppnå detta är det viktigt att minimera näringsförlusterna från ett 
sådant system. Ett problem för det urinsorterande systemet är omvandlingen av urea ti l l ammonium, som kan 
resultera i kväveförluster genom ammoniakgasavgång. 

Två laboratorieförsök har utförts med avsikt att studera vissa faktorers inverkan på omvandlingen av urea ti l l 
ammonium under lagring av humanurin. De studerade faktorerna var temperatur, förorening med avlopps
vatten, utspädning av urin och tillsats av syra. Lagringstiden var ungefär fyra månader. 

Resultaten visade att omvandlingen av urea kan hindras genom tillsats av syra. Dessutom visade försöken att 
omvandlingshastigheten av urea ökar kraftigt vid förorening med avloppsvatten. En ökad temperatur ökar också 
omvandlingshastigheten, medan effekten av utspädning är mindre tydlig. 

Background 
The development of a sustainable sewerage system in
cludes utilisation of nutrients from human urine and 
faeces in agriculture. The possibilities to do this today 
are limited, since the conventional methods for waste
water treatment can almost only circulate phosphorus to 
agriculture by using sewage sludge. However, the quality 
of the sludge is not fully trusted among agriculturists and 
food producers. One uncertainty is the difficulty of 
guaranteeing the quality of all sludge and the risk of the 
presence of hazardous compounds in the sludge that 
have not been analysed. 

The reasons for recycling nutrients are different for 
different nutrients, as illustrated by the situation for 
phosphorus and nitrogen. The source of phosphorus as 
a fertiliser is mineral phosphorus (Günther, 1992). The 
amount of concentrated phosphorus in minerals is lim
ited (Smil, 1990). Another problem with fossil phos
phorus is that it is contaminated with cadmium (NV, 
1993). Thus, mining of phosphorus means a net input 

of cadmium into the biosphere and a risk of accumula
tion of cadmium. Concerning nitrogen, one could not 
say that the nitrogen itself is a limited resource. How
ever, significant quantities of energy are needed to pro
duce nitrogen fertiliser (Beckman et al., 1980). In addi
tion, it should also be remembered that to achieve 
removal. of nitrogen from wastewater by biological 
methods, an extra input of energy and other physical 
resources are needed. The upgrading of treatment plants 
to achieve biological nitrogen removal also means a 
significant economic investment. 

One strategy for developing a sustainable sewerage 
system is to handle urine separately and use i t as a ferti
liser. Important reasons for this strategy are the facts that 
urine is the source of around 70% of phosphorus and 
around 90% of nitrogen in blackwater (wastewater from 
water closets) and that the urine is relatively low in heavy 
metal concentration (Sundberg, 1995) and also rela
tively easy to handle. 

However, the experience from systems with urine 
separation is still limited. The results from an inventory 
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made by Hanæus and Johansson (1996), during 
March-April 1996, concerning existing systems with 
urine separation show that there were eleven bigger 
(more than five households connected or in the case of 
schools more than 100 pupils connected) systems in 
Sweden. Most of them were new, seven of the eleven 
systems started to operate during 1995 or later. In spite 
of some problems with different components in the 
systems the overall impression of the inventory is that 
the systems were working well. Problems that have 
arisen can often be assigned to the design and the use of 
the toilets and the accuracy of the construction of the 
sewer system. Most of the problems concern unpleasant 
odour indoors, laborious cleaning of the toilets, trouble
some work with assembly of toilets, high volumes of 
flush water and seepage into the sewer system. Generally 
there have been no problems to find ways of disposing 
the collected urine, even i f this was not solved at some of 
the sites until after the systems had started to operate. 
The inventory also showed that there is a lack of investi
gations concerning what happens to the urine during 
storage and spreading. 

To achieve a high degree of nutrient recycling it is 
important that the system for collection, storage and 
handling of human urine is constructed to minimise 
losses. Experience from the storage and handling of ani
mal urine is that nitrogen losses can be large (Rodhe and 
Johansson, 1996; Claesson and Steineck, 1991). Thus, it 
is desirable to study how different storage conditions in
fluence the risks of losses of nitrogen during storage and 
spreading of human urine. I t is also interesting to study 
how fast the speciation of nitrogen in urine changes. 

In fresh urine the greater part of the nitrogen appears 
in organic form as urea CO(NH 2 ) 2 - Urea hydrolysis is 
catalysed by the enzyme ureas, an enzyme which many 
micro-organisms possess (Alexander, 1977). In the hy
drolysis pH is increased and ammonium and bicarbo
nate are produced, reaction (1). 

C O ( N H 2 ) 2 + 3 H 2 0 2 N H 4

+ + H C C y + O H " (1) 

Ammonium is in equilibrium with dissolved ammonia, 
reaction (2). 

N H 4

+

+ O H - ^ N H 3 ( a q ) + H 2 0 (2) 

The prCj-value for the equilibrium is 9.3 at 25°C 
(Snoeyink & Jenkins, 1980) . 

Dissolved ammonia is in equilibrium with gaseous 
ammonia, reaction (3). 

NH 3(aq) <-» NH 3 (g) (3) 

Thus, the decomposition of urea wil l lead to an increase 
in concentration of ammonia and an increase in pH, and 
hence there will be a risk of losses of nitrogen through 
ammonia evaporation. Reaction (3) also shows that the 
partial pressure of ammonia above the liquid surface will 

be of significant importance for the amount of ammonia 
that can evaporate. This means that the losses of nitro
gen during storage of urine could probably be reduced 
considerably just by covering the storage tanks and pre
venting ventilation of the gas above the liquid surface. 

Experience from handling of urine in stock-farming 
shows that the losses of nitrogen during storage could be 
minimised by having a low storage temperature, having 
a low pH-value during storage and avoiding aeration 
above the liquid surface in the storage tank (Rodhe and 
Johansson, 1996; Claesson and Steineck, 1991). 

A low temperature impedes the growth of the micro
organisms which also impedes the production of ureas. 
Further, the activity of the ureas is decreased by a low 
temperature and temperatures below 10°C impede the 
hydrolysis of urea (Wolgast, 1993). However, the con
version of urea proceeds even at values close to freezing 
(Alexander, 1977). The temperature is also a factor 
which affects the equilibrium between dissolved and 
gaseous ammonia, reaction (3). The conversion to gas
eous ammonia increases with increased temperature. 

In earlier laboratory studies of undiluted humane 
urine, it has been shown that storage p H and tempera
ture are important factors for changes in urine quality 
(Hellström and Kärrman, 1995). Those studies also 
showed that the conversion of organic nitrogen into 
N H 3 - N is a slow process in undiluted urine. After three 
months of storage at 23 °C (room temperature) less than 
20 % of the nitrogen appeared as N H 3 - N . The conver
sion was favoured by high temperatures and inhibited by 
the addition of acid (Hellström and Kärrman, 1995). 
However, samples of stored urine from an "ecological" 
village near Luleå showed that about 85 % of the nitro
gen in the long term stored urine from the "ecological" 
village occurred as N H 3 - N . It was believed that this 
could be explained by the relative long storage rime and 
the dilution due to flush water and probably some fecal 
contaminants. 

Objectives 
The objectives of the experiments were to study how the 
conversion of nitrogen during storage of human urine is 
affected by storage temperature, addition of acid, addi
tion of wastewater and dilution with water. Conversion 
of urea and losses of ammonia during spreading of 
humane urine have not been studied. 

Scope and Method 
Addition of wastewater and dilution of the urine with 
water was made to simulate the effect of the "normal" 
disturbance that will occur within a urine separating 
system. Acid was added to investigate one possibility to 
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regulate the storage condition in order to minimise the 
losses. There are several places where the storage tank 
can be located, eg indoors or outdoor in the ground. 
Thus, the effect of different storage temperatures was 
studied. 

Two laboratory experiments were performed to inves
tigate how the nitrogen and ammonia concentration 
changed during storage. The first experiment was run as 
a factorial design experiment in order to investigate the 
importance of certain factors and interactions of those 
factors. The second experiment was performed as a com
plementary study in order to give a more detailed picture 
of changes over time during certain storage conditions. 

The time of experimental storage was limited to 4.5 
months, which is close to the mean storage time for a 
full-scale system. However, the continuous flow of urine 
to the storage tanks that normally occurs in a full-scale 
system has not been simulated. The urine used in the ex
periments was collected during one day and no addition 
of urine was done after the start of the experiments. 

The trials have been undertaken in lab-scale and the 
stored volumes have been considerably smaller than in 
full-scale systems, where volumes of 1-10 m 3 are com
mon. The volumes in the experiments were 0.5 1 for the 
factorial design experiment and 10 1 for the second ex
periment respectively. 

The urine used in the experiments was collected from 
approximately 30 persons between the ages of 23 and 
58, most of them (about 75 %) being younger than 30. 
Of the total volume of 25 1 about 12 1 were male urine 
and 13 1 were female urine. The experiments started half 
a day after the collection of the "fresh" urine. The 
amount of nitrogen and phosphorus in the collected 
urine is shown in table 1. The preparation of samples for 
measurement was done according to Swedish standard 
(SS 02 8102, SS 02 8131 and SS 02 8134). The con
centrations of total nitrogen, N H 3 - N and total phos
phorus were then measured by using an automated pro
cedure for analysis (an autoanalyser - TRAACS 800 -
Bran+Lubbe). 

The wastewater used in the experiments was taken 

Table 1. Concentration of total nitrogen and ammonium in the 

collected urine before storage. 

Average ± std. (number of analysis) 

Tot-N, g/1 8.8 ± 0.24 (5) 
NH 4 -N, g/1 0.38 ± 0.009 (5) 
Tot-P, g/1 0.65 ± 0.024 (4) 

from one pumping station for wastewater in Luleå the 
same day as the experiments started. The wastewater 
contained 0.05 g N t o t / l and 0.03 g NH 4 -N/1 (average 
from three analyses). 

The arrangement of the factorial experiment is shown 
in table 2. This arrangement means that three of the 
factors - temperature, acidification and addition of 
wastewater were investigated at two levels. The fourth 
factor, dilution, was investigated at four levels. The vol
ume of each sample was 0.5 1 and the samples were 
stored in dark, sealed, bottles of glass. Each of the groups 
in table 2 consists of four samples with different dilu
tion, i.e. concentrated urine and urine diluted one, three 
and seven times with distilled water. 

The volume of the wastewater added was 20 ml, 
which corresponds to an addition of 4 % wastewater. 
About 6.4 ml 4 M H 2 S 0 4 per 1 undiluted urine was 
added to achieve an initial storage pH 3 in acidified sam
ples. The samples without addition of acid had an initial 
storage pH about 6. 

In the factorial experiment, the variation of pH dur
ing storage and the final ammonia and total nitrogen 
concentrations were measured. To follow changes in 
concentration of ammonia as a function of storage time, 
a second experiment was performed. This experiment 
consisted of storage of different mixtures of urine, dis
tilled water and wastewater (see Table 3). 

The urine was stored in sealed cans placed in a refrig
erator at about 5°C. pH was measured and samples were 
taken from each of the three cans five times during the 
first two weeks and almost every fortnight during the re
maining storage period. 

Table 2. The design of the factorial experiment. The lower the sample number within a group, the higher the 
concentration of urine. Thus sample I, 5, 9, etc contained undiluted urine, whereas urine in sample 4, 8, 12 
etc had been diluted seven times with distilled water. 

Group Sample number Temperature (T) addition of acid? addition of wastewater? 

I 1-4 5°C yes yes 
I I 5-8 5°C yes no 
I I I 9-12 5°C no yes 
IV 13-16 5°C no no 
V 17-20 20°C yes yes 
V I 21-24 20°C yes no 
V I I 25-28 20°C no yes 
V I I I 29-32 20°C no no 
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Table 3. The design of the second experiment. The urine was stored at 5° C and without addition of acid. 

total urine amount of amount of Initial nitrogen 

volume, 1 volume, 1 distilled water, 1 wastewater, 1 concentration, mg N/1 

A 10.00 10.00 0 0 8.8 

B 10.00 2.50 7.50 0 2.2 

C 10.39 2.50 7.50 0.39 2.1 

All samples in the experiments have been frozen be
fore analysis for N H 3 - N and total nitrogen. The p H was 
determined immediately after sampling (before freez
ing). The preparation of samples for measurement was 
done according to Swedish standard (SS 02 8131 and 
SS 02 8134). The concentrations of total nitrogen and 
N H j - N were then measured by using an automated pro
cedure for analysis (an autoanalyser - TRAACS 800 -
Bran+Lubbe). It should be noted that both dissolved 
ammonia and ammonium are included in the N H 3 - N 
analysis. 

Results 

In none of the experiments was it possible to show any 
significant losses of nitrogen during the storage of urine. 
However, both rate and magnitude of the conversion of 

urea to ammonium varied considerably for different 
storage conditions. The conversion of urea to ammo
nium also resulted in significant differences in variation 
of pH for different samples during the storage periods. 

The results from the factorial design are shown in 
Figures 1 and 2. Figure 1 shows the ratio between am
monium nitrogen and initial total nitrogen concentra
tion as a function of dilution. Note that Figure 1 only 
shows the final result, that is the degree of conversion of 
urea after 126 days of storage. It should be mentioned 
that the ammonia concentration was determined as the 
average of two measurements on each sample, except for 
sample 26 and 27 (see Table 2). Due to failure during 
analysis of those two samples, only one value for each 
sample was available for estimation of the ammonia con
centration. As can be seen in Figure 1, the conversion of 
urea to ammonia is negligible for all samples with addi
tion of acid except samples diluted with distilled water 
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Figure 1. The conversion of urea to ammonia measured as the ratio between the concentration of ammonia after 126 d and the initial 
total nitrogen concentration. The degree of conversion is presented as a function of dilution, hence samples within a group (tee Table 2) 
are connected with a line. (Abbreviations used in the figure; ac = addition of acid, ww = addition of wastewater, Roman numbers refers 

to table 2). 
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Figure 2. Variations of pH during storage for different samples. It should he noted that samples that showed a similar behaviour in pH-
change have been coupled together. A group number in brackets indicates which group the samples belong to. All numbers in the figure 
refer to table 2. Samples from groups I (1-4), II (5-8), V (17-20, VI (21—24) all had an addition of acid before storage, but samples 
from group VI were stored without addition of wastewater and stored at 20° C. Samples from groups III (9—12) and VII (25—28) have 
been stored with an addition of wastewater before storage. Samples from groups FY (13—16) and VIII (29—32) have no addition of acid 
or wastewater before storage, but samples from group VIII were stored at 20° C while samples from group FV were stored at 5 °C. 

and stored at room temperature (group VT in table 2). 
On the other hand, the conversion of urea to ammonia 
seems to be almost complete for all samples without 
addition of acid except samples with no wastewater 
stored at 5°C (group IV) . 

Figure 2 gives a picture of the changes in pH during 
storage. When studying Figure 2 it should be noted that 
the second measurement of pH occurred after 27 days of 
storage. However, the results from the measurement of 
p H confirm the results shown in Figure 1. The increase 
in pH, as a result of the conversion of urea, seems to be 
relatively fast for all samples without addition of acid ex
cept samples with no wastewater stored at 5°C (group 
IV) and sample 32 (group VII I ) . The increase in pH 
seems to be most rapid for samples in groups I I I and V I I . 
Al l those samples had an addition of wastewater and no 
addition of acid before storage started. The only differ
ence between group I I I and V I I is the storage tempera
ture (see table 2). Further, the increase of pH is negli
gible for all samples with addition of acid except samples 
diluted with distilled water and stored at room tempera
ture (group VI) . It can be noted that there is some delay 
before the increase in p H for samples from group V I 

starts, and that the period of delay is shortest for the 
most diluted samples (no. 24 and 23). However, the pH 
increases relatively rapidly for samples 24 and 23 as soon 
as it begins to increase. 

Figures 3 and 4 show the results from the second 
experiment. As can be seen in Figures 3 and 4 the con
version of urea to ammonia is relatively slow for urine 
without addition of wastewater (curves A and B). The 
results also indicate that the conversion of urea in urine 
with wastewater (curve C) was complete within a 
month, while the conversion of urea in urine without 
wastewater seems to continue after the studied period 
(curves A and B). The difference between curves A and 
B in Figures 3 and 4 also indicates that the rate of con
version of urea is faster in diluted urine (B) than in un
diluted urine (C). 

Discussion 
The amount of nitrogen losses has been insignificant 
during the storage periods which is probably explained 
by the fact that the storage bottles were unsealed only 
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Figure 3. Variations ofpH during storage of A) undiluted urine B) diluted urine C) diluted urine with wastewater added. 

during sampling occasions. It should be noted that the 
urine was exposed to air during the measurement of pH. 
This means that the gas above the liquid surface had 
been exchanged at least five times during the storage pe
riod and that the losses of nitrogen could be significantly 
reduced i f the exchange of air over the liquid surface is 
minimised. However, the relatively high pH and the 
high concentration of ammonia shows that risk for losses 
of nitrogen due to evaporation of ammonia could not be 
neglected during certain storage conditions. 

The results from the factorial design experiment show 
that the addition of acid inhibits the initiation of the de
composition of urea. However, as soon as the decompo
sition starts the conversion of urea to ammonia proceeds 
rather quickly. As can be seen in Figures 1 and 2, only 
urea in two of the samples with acid added has been de
composed. I t is interesting to note that those samples 
were stored at room temperature and without any addi
tion of wastewater. I t is not easily explained why urea in 
samples without wastewatet was decomposed (group 
VI) , whereas urea in samples with wastewater was not 
(group V). However, the results indicate that the acid 
should be added before the decomposition of urea starts. 
Otherwise, the amount of acid that will be needed to 
prevent losses of nitrogen through ammonia evaporation 
will increase significantly. 

The experiments showed that the addition of wastewa
ter to unacidified samples enhanced the decomposition 

of urea. The effect of addition of wastewater is most ob
vious in Figures 3 and 4, because of the large difference 
in the conversion rate of urea between urine with addi
tion of wastewater (curve C) and urine without addition 
of wastewater (curves A and B). Those results are con
firmed by the pH measurements from the factorial de
sign experiment shown in Figure 2, because the increase 
in pH is most rapid for samples with addition of waste
water but no addition of acid. As mentioned above, the 
addition of acid seems to prevent the decomposition of 
urea even i f the urine has been contaminated by waste
water. The influence of the wastewater on the decompo
sition rate is probably explained by the high content of 
micro-organisms in the wastewater, which are able to de
compose urea. The wastewater can also act as an extra 
carbon and energy source for these micro-organisms. 

In Figure 2 it can be seen that the rate of decomposi
tion seems to be faster at higher storage temperatures. 
This is most obvious for groups without addition of 
wastewater and no addition of acid (groups I V and 
V I I I ) . However, there is probably a difference between 
samples from groups with addition of wastewater ( I I I 
and VI I ) , even i f it is not shown in Figure 2. The fact 
that it is not shown is due to the long periods between 
the pH measurements during the factorial design experi
ment. However, both the results shown in Figure 2 and 
in Figures 3 and 4 indicate that the decomposition of 
urea will be relative fast even at low storage temperatures 
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Figure 4. The degree of conversion of urea to ammonia during storage of A) undiluted urine B) diluted urine CJ diluted urine with waste
water added. 

(5°C), i f wastewater is added. On the other hand, the re
sults from both experiments (Figures 2, 3 and 4) show 
that the decomposition of urea was relatively slow at low 
storage temperatures i f no wastewater had been added. 

A comparison of groups I I and V I also indicates an ef
fect of temperature. A l l samples in these two groups were 
acidified and stored without addition of wastewater. The 
pH was stable in all samples stored at 5°C (group I I ) , but 
the pH increased in almost all samples stored at 20°C 
(group VI) . 

The results for samples within groups I , I I , I I I , V, V I I 
and V I I I indicated no significant effect due to dilution of 
urea. However, two different kinds of effects related to 
the dilution of urine are observed. The first effect is the 
different time needed for the conversion of urea to am
monia to begin in samples with addition of acid (group 
V I in Figure 2). The increase in pH occurred first in 
samples with the lowest concentration of urine, hence 
higher dilution gives a higher degree of conversion 
(Figure 1). The second effect concerns the rate of con
version of urea to ammonia in samples without addition 
of acid. The results for group IV (sample 13-16) in 
Figure 2 and the results from the second experiment 
indicate that the rate of conversion increases with in
creased dilution. Common for samples from group I V in 
Figure 2 and curves A and B in Figures 3 and 4 are that 
storage occurred at 5°C and with no addition of acid or 
wastewater. 

One possible explanation of the observed effects is 
that high concentration of urea and other compounds in 
the undiluted urine may be toxic to microorganisms. 
However, the results for samples from group V I I I 
(stored at 20°C) are slightly contradictory. The most 
diluted sample (no 32) had the slowest increase in p H 
(Figure 2) and the lowest ratio between ammonia and 
the initial total nitrogen concentration after 126 days of 
storage (Figure 1). 

In addition from the observed effects of the studied 
factors, there are some phenomena that should be 
discussed. Firstly, the results presented in Figures 3 and 
4 show, as could be expected by studying reaction (1), 
that pH reflects the ratio of ammonia to total nitrogen 
in urine. Secondly, there are two different responses that 
have been observed; the rate of decomposition of urea 
and the time before the decomposition starts. The re
sults also indicate that rhe decomposition seems to pro
ceed to an almost complete conversion of urea to ammo
nia once it had started. However, the rate of decomposi
tion will depend on the actual storage conditions. 
Finally, it should be remembered that the conversion of 
urea and losses of nitrogen through ammonia evapora
tion during storage of urine is only one of the factors that 
will effect the total losses of nitrogen, when handling 
urine from a system with urine separation toilets. 

VATTEN -4-96 269 



Conclusions 
The results f r o m the factorial experiment show that the 

conversion o f urea to ammonia can be inhibi ted by the 

addi t ion o f acid, even i f wastewater had been added. 

Both experiments showed that the addit ion o f wastewa

ter dramatically increased the rate o f decomposition o f 

urea i f no acid was added before storage. The results also 

show that a low storage temperature w i l l significandy re

duce the rate o f conversion i f the urine had not been 

contaminated w i t h wastewater. For samples wi thout ad

d i t i on o f wastewater and no acidification the d i lu t ion o f 

urine seems to promote the conversion o f urea to ammo

nia. 
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Abstract 
One strategy to increase the recycling ratio of nutrients in wastewater is to handle urine 
separately and use it as a fertiliser in agriculture. Potential drawbacks to urine handling 
systems are the risk of ammonia evaporation and the relatively large volumes to be 
handled. The amount of urine solution could be reduced by using drying techniques if 
ammonia evaporation could be avoided. The objective of this project was to study how 
different acids could be used to prevent the decomposition of urea into ammonia during 
storage. The project was performed in two phases. The initial phase was conducted with 
one time dosage of urine in bottles of half a litre each to evaluate the effect of different 
storage conditions and to estimate suitable amounts of acids to be added. The second 
phase was conducted with multi-time dosages of urine, simulating the continuous 
addition of urine found in full scale systems, in plastic cans of ten litres each. The 
results show that a one-time dosage of 60 meq sulphuric or acetic acid per litre 
undiluted urine at the beginning of the storage period could inhibit the decomposition of 
urea during more than 100 days of storage in cans with multi-time dosages of urine. 

Background 
Ecologically engineered wastewater treatment technology includes recycling and reuse 
of the resources in wastewater (Guterstam, 1991). Further, the utilisation of nutrients 
from human urine and faeces in agriculture could be considered as a method to achieve 
a sustainable sewerage system. By using sludge from conventional wastewater treatment 
plants as a fertiliser, there is a potential to recycle the major part of the phosphorus. 
However, the possibilities to recycle other nutrients such as potassium and nitrogen are 
limited. In addition, the quality of the sludge is not fully trusted among agriculturists 
because it contains heavy metals and toxic organic compounds. 

One strategy to increase the amount of nutrients recycled is to handle urine separately 
and use it as a fertiliser. An important reason for this strategy is that the urine is the 
source of around 70% of the phosphorus and around 90% of the nitrogen in the 
wastewater from water closets (Sundberg, 1995). Further, the amount of heavy metals is 
relatively low in the urine (Jönsson et al., 1997). 
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Source separation of human urine is based on toilets equipped with two bowls, a front 
one for the collection of urine and a rear one for faecal material (Figure 1). Both dry 
sanitation toilets and water closets are possible to equip this way. Thus, the urine is 
supposed to be collected separately and led through a sewer system to a collection tank 
for urine. 

Figure 1. Toilet equipped with a front bowl for the collection of urine. 

Systems with urine separation toilets have been installed in urban areas (Jönsson et al., 
1997) as well as in rural areas (Hanæus et al, 1997). An extended use of urine 
separation toilets will result in an increased amount of transport of urine solution. This 
could result in a considerably negative environmental impact i f the existing systems for 
transportation are used (Nybrant et al, 1996). One strategy to reduce the environmental 
impact of this transport is to reduce the amount of urine solution by using drying 
techniques. 

A decrease of urine solution volumes would also be beneficial for the utilisation of urine 
in agriculture. Based on data from Godwin et al. (1990) and Rodhe and Johansson 
(1996) it could be assumed that the energy demand for spreading the urine will be 
reduced, that soil compaction wil l decrease and that the required time for spreading will 
be reduced. 

Another potential drawback to urine handling systems is the risk of ammonia 
evaporation during collection, storage, transport and spreading. Experiences from 
existing systems (Hanæus et al., 1997; Jönsson et al, 1997) indicate that the losses 
normally are small during collection and storage. Experience from the spreading of 
animal urine is that nitrogen losses can be large (Rodhe and Johansson, 1996). Further, 
the possibilities to dewater urine without significant losses of nitrogen are limited by the 
risk of ammonia evaporation. One method to reduce this risk is to prevent the 
decomposition of urea to ammoniacal nitrogen (i.e. the sum of NH4-N and NH3-N). 

In fresh urine the greater part of the nitrogen appears in organic form as urea CO(NH2)2-
The hydrolysis of urea is catalysed by the enzyme urease, an enzyme which many 
microorganisms possess (Alexander, 1977). During the hydrolysis pH is increased and 
ammonium and bicarbonate ions are produced, reaction (1). 

C O ( N H 2 ) 2 + 3 H 2 0 ) 2NH4 + HC07 + OH~ (1) 

2 



Ammonium is in equilibrium with dissolved ammonia, reaction (2). 

NH; + OH" NH3(aq) + H 2 0 (2) 

The pKa-value for the equilibrium is 9.3 at 25 °C (Snoeyink and Jenkins, 1980,p. 447). 

Dissolved ammonia is in equilibrium with gaseous ammonia, reaction (3). 

NH3(aq)<H>NH3(g) (3) 

Thus, the decomposition of urea will lead to an increase in the concentration of 
ammoniacal nitrogen and an increase in pH, and hence there wil l be a risk of losses of 
nitrogen through ammonia evaporation. Reaction (3) also shows that the partial pressure 
of ammonia above the liquid surface will be of significant importance for the amount of 
ammonia that can evaporate. This means that the losses of nitrogen during storage and 
spreading of urine could be reduced by limiting the gas exchange rate, e.g. preventing 
ventilation during storage and by injecting or harrowing the urine into the soil when 
spreading. 

Hanæus et al. (1996) concluded that the conversion of urea to ammoniacal nitrogen 
during storage of urine, containing a few percent of wastewater, could be inhibited by an 
addition of 26 mmoles of H2SO4 per litre undiluted urine. However, i f no acid was 
added before storage, the presence of wastewater dramatically increased the rate of 
decomposition of urea. Studies by Hellström and Kärrman (1995) and Hanæus et al. 
(1996) have shown that an increased storage temperature resulted in an increased 
decomposition rate of urea. However, the effect of the temperature has only been 
observed during storage of urine without any addition of wastewater or acid. The 
previously performed experiments (Hellström and Kärrman, 1995; Hanæus et al. 1996) 
were conducted as batch-wise-storage cycles, i.e. f i l l and store. This will not be the case 
in a full scale system. Thus, it is necessary to test i f the conservation of urea by addition 
of acid is possible during more realistic conditions. 

Objective and scopes 
The overall objective of the project was to study how the addition of acids could be used 
to prevent the decomposition of urea during storage. The project was performed in two 
phases. The objective of the initial phase, conducted as batch-wise-storage, was to 
evaluate the effects of different storage conditions, i.e. degree of dilution, concentrations 
of faeces in urine and temperature. Another objective of the initial phase was to estimate 
suitable amounts of acids to be added. 

The objective of the second phase of the project was to evaluate the possibilities to 
inhibit decomposition of urea during storage using multi-time dosages of urine. These 
were supposed to simulate the conditions prevailing at storage of urine in full-scale 
systems. The impact of two different strategies for dosage of acid was investigated; 
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multi-time dosages and one-time dosage (initial dosage). The multi-time dosages of acid 
were supposed to simulate a dosage regulated by the level in the storage tank in a ful l -
scale system, whereas the one-time dosage was supposed to simulate an initial dosage of 
acid to the storage tank at the beginning of every storage cycle. Two different acids, 
sulphuric acid (H2SO4) and acetic acid (CH3COOH), were used in the experiment. For 
each dosage strategy and type of acid, three concentration levels of the acids were tested. 
Human faeces were added to increase the microbiological activity in the urine solution 
during storage. On every dosage occasion, the urine was diluted with distilled water to 
achieve a concentration that could be estimated to be found in a well-working urine 
separation system. 

Materials and methods 

Experimental design 
The project was performed in two phases. The initial phase was conducted as batch-
wise-storage, i.e. one time dosage of urine in bottles of half a litre each. The second 
phase was conducted with multi-time dosages of urine in plastic cans of ten litres each. 

One-time dosage of urine 

In the initial phase of the project four different experiments (Table 1) were conducted to 
estimate the effect of different storage conditions. In Tables 1 and 2 the main questions 
and characteristics as well as the studied parameters of the experiments are listed. 

Table 1. The design of the experiments included in the initial phase of the project, i.e. the 
experiments with one-time dosage of urine.  

Experiment Main question Studied parameters 
Factorial 
(FA) 1 

How is the conversion of urea 
affected by different storage 
conditions? 

• Storage temperature 
• Dilution of urine 
• Addition of acid (+/-) 2 

• Addition of wastewater (+/-) 2 

Verification of 
earlier 
experiments 
(VE) 

Are previous results from 
Hanæus et al. (1996) reliable? 

• Dilution of urine 
• Addition of acid (+/-) 2 

• Addition of faeces (+/-) 2 

• Infection from pH-electrode 
Faeces (F) Does the amount of faeces 

affect the decomposition rate 
of urea? 

• Concentration of faeces 

Acidification 
(A) 

What concentration of acid is 
needed to inhibit 
decomposition of urea? 
Which acid can be used? 

• Concentration of acid 
• Type of acid 

'The results have been presented by Hanæus et al. (1996). 
2 + = addition, - = no addition 
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The VE, F and A experiments (Tables 1 and 2) started half a day after the collection of 
the fresh (i.e. not older than 24 hours) urine and faeces. The mixture of urine, water and 
faeces were stored in dark, sealed bottles of glass with a volume of half a litre each. 

Table 2. The main characteristics of the experiments included in the initial phase of the project, 
i.e. the experiments with one time dosage of urine.  

Experiment Number 
of 

bottles 

Dur
ation 
(days) 

Storage 
temp. 
(°C) 

Urine 
cone. 
(%)' 

Acid Cone, of 
acid, 

(meq/1)2 

Cone, of 
faeces 

(mgTS/1)3 

Factorial 
(FA) 

32 130 5 or 20 12.5, 25, 
50, 100 

H2SO4 0, 52 4 
ww 

Verification 
(VE) 

16 300 23 12.5, 25, 
50, 100 

H2SO4 0, 52 0,5.0 

Faeces (F) 7 300 23 100 none 0 0-990 

Faeces (F) 6 220 23 100 none 0 530-

40«103 

Acidification 
(A) 

12 300 23 100 H 2 S0 4 

or HAc 5 

0-360 0 

Acidification 
(A) 

14 280 23 25 H2SO4 
or HAc 5 

0-360 114 

'% urine of total volume 
2milliequivalents per litre undiluted urine 
3Per litre total volume 
44 % wastewater of total volume. 
5Acetic acid (CH3COOH) 

Multi-time dosages of urine 

The design of the experiment with multi-time dosages of urine, i.e. the experiment 
included in the second phase of the project, is shown in Table 3. The mixture of urine, 
faeces and water was stored in sealed non-transparent plastic cans with the volume of 
ten litres each. The cans were stored at room temperature. The faeces added to the 
storage cans (all cans except no.l) were mixed into the urine/water mixture before it 
was tapped to the cans. The dosage of urine was done around twice times a week. On 
every dosage occasion 500 ml (250 ml urine + 250 ml distilled water) were added to 
every can. The dosage of acid to cans no. 9-14 occurred after the addition of 
urine/water/faeces mixture, by using a pipette. After 85 days the cans were ful l . The 
experiment continued for another 180 days. 
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Table 3. The design of the experiment with multi-time dosage of urine. 2.0 g of faeces per litre 
undiluted urine were added to all cans, except to can no. 1. The urine was diluted with 50 % 
distilled water before addition.  

Can no. Acid Dosage method 
of acid 

Dosage (meq per litre 
undiluted urine)1 

1,2 none - 0 
3,4,5 H 2 S0 4 

once 15,30,60 
6,7,8 CH3COOH once 15,30, 60 

9, 10,11 H 2 S0 4 
multi-time 15, 30, 60 

12, 13, 14 CH3COOH multi-time 15,30, 60 
'The actual concentration during the experiment period in the cans with continuos 
dosage of acid and the concentration in the end of the period for the cans with one
time dosage of acid. 

Urine, faeces and wastewater used 

The urine used in the experiments was collected from two males and two females aged 
between 25 and 29 and the faeces from two children. The characteristics of the urine and 
faeces used in the experiments with one time dosage of urine are shown in Table 4. The 
faeces used in the experiment presented in Table 3 had a total solid content (TS) of 267 
± 27 mg/g and a content of organic matter of 818 ± 34 mg VS a /g TS. The pH and the 
amount of total and ammoniacal nitrogen in the urine used in the experiments with 
multi-time dosage of urine is shown in Figure 2. 

Table 4. The characteristics of the undiluted urine and faeces used in the experiments with one 
time dosage of urine. 

Experiment 
Tot-N 

(K/l) 

Urine 
Amm-N 1 

(g/1) 

pH 
Fa« 

TS 
(mg/g) 

;ces 
VS a 

(mg/gTS) 

Factorial (FA) 2 8.8 0.38 6.11 ww 3 ww 3 

Verification (VE) 8.1 0.38 6.15 249 790 

Faeces (F) 8.1 0.38 6.15 249 790 

Faeces(F) 7.7 0.26 6.38 223 738 

Acidification (A) 8.1 0.38 6.15 none none 

Acidification (A) 7.1 0.25 6.15 217 848 
' Ammoniacal nitrogen, i.e. the sum of NH3-N and NH4-N. 
2 Data from Hanæus et al. (1996). 
3 Addition of wastewater. 

' Volatile Solids 
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i-N 

Figure 2. Concentration of total nitrogen (tot-N) and ammoniacal nitrogen (amm-N, left axis) 
and pH (right axis) in fresh (i.e. not older than 24 hours) urine used in the experiment with 
multi-time dosage of urine. 

Measurements and analyses 

pH 

pH was the only parameter measured at regular intervals during the experiment period. 
In the experiment with multi-time dosages of urine the pH was measured in the cans 
before and after each dosage. After the last dosage occasion the pH was measured 
around once a week. The pH was measured by dipping a pH-electrode into the storage 
bottles and cans. Before each dipping the electrode was cleaned with 70% ethanol to 
reduce the risk of infection. 

Nitrogen 

Considering the experiments with one time dosage of urine (Tables 1 and 2), the content 
of total and nitrogen was only measured in some of the bottles and only on a few 
occasions. In the storage cans used in the experiment with multi-time dosage of urine, 
samples were taken on three different occasions. Al l samples were frozen directly. 

The preparation of samples for measurements of total and ammoniacal nitrogen was 
done according to Swedish standards (SS 02 81 31 and SS 02 81 34). The 
concentrations of total and ammoniacal nitrogen were measured by using an automated 
procedure for analyses (an autoanalyser - TRAACS 800 - Bran+Lubbe). 
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Viable count 

In order to count viable heterotrophic bacterial cells as well as faecal streptococci 
samples were taken from some of the bottles and the cans. They were diluted in 0.15 M 
NaCl-solution and 0.1 ml of the dilutions were spread on nutrient agar (Oxoid) and on 
enterococcus selective agar according to Slanetz and Bartley (Merck). The plates were 
incubated at 37 °C for 2 days. 

Results 

Relationship between pH and ammoniacal nitrogen concentration 

Results from all experiments presented in Tables 1, 2 and 3 as well as results from 
Hellström and Kärrman (1995) and Hanæus et al. (1996) have been used to illustrate a 
relationship between the fraction of ammoniacal nitrogen of total nitrogen versus pH. 
Results from experiments with different degrees of dilution, addition of different types 
and amounts of acids and different concentrations of added faeces are included in the 
results shown in Figure 3. The increase in pH is proportional to the fraction of 
ammoniacal nitrogen until a fraction of about 50 % was achieved. Further increase in 
the amount of ammoniacal nitrogen did not cause any further increase in pH. A 
difference between urine with and without an addition of acid could be noted, i.e. the pH 
was lower at a certain fraction of ammoniacal nitrogen in urine with an addition of acid. 

D4X 

8 x 

X 
• 
• * 
a >(?< 

X 
tn xx 

D * 
rtfi X 
X • 

• x x 

X X 
X 

y 
• x "x x X 

• m 

pH 

• samples with 
addition of acid 

x samples without 
addition of acid 

10 

Figure 3. Relationship between pH and the fraction of ammoniacal nitrogen (amm-N) of total 
nitrogen. The addition of acid varied between 0-60 meq of acid per litre of undiluted urine. 
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One time dosage of urine. 

Factorial and verification experiments 

The main difference between the factorial (FA) and verification (VE) experiments was 
the usage of faeces instead of wastewater (Table 2). However, the results from both the 
experiments were similar and could be summarised as: 
• An addition of acid, 26 mmoles of H 2 S0 4 per litre of undiluted urine, inhibited the 

decomposition of urea. This was the case even i f wastewater or faeces were added to 
the urine before storage. 

• The addition of wastewater or faeces caused a relatively rapid decomposition of urea 
in mixtures with no additions of acid. 

• The decomposition rate of urea increased with increased temperature, but the effect 
of temperature was only significant when no wastewater or faeces were added. 

• The results indicated that the decomposition rate would increase with increased 
dilution in bottles without any addition of faeces or wastewater. 

• The results also showed that infection from the pH-electrode did not influence the 
results as long as the electrode was cleaned as described above (see measurements 
and analysis) before use. 

Addition of different concentrations offaeces. 

The results from the pH measurements from the first 14 days in the Faeces (F) 
experiment are shown in Figure 4. 

0 2 4 6 8 10 12 14 

days 

Figure 4. Variations of pH during storage of urine with different concentrations of faeces (mg 
TS per litre undiluted urine) or wastewater. All bottles were stored at 20-23 °C. Can C, a plastic 
can containing a mixture of 2.5 litre of urine, 7.5 litre of distilled water and 0.4 litre of 
wastewater, was stored at 5 ' C (Hanæus et al, 1996). The reference samples (references 1 and 
2) had no addition of faeces or wastewater. 
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An addition of small amounts of faeces, i.e. less than 100 mg TS per litre undiluted 
urine, had a small impact on the decomposition rate of urea. At a certain concentration 
of faeces, i.e. 500-1000 mg TS per litre undiluted urine, the impact of faeces on the 
decomposition of urea is obvious. A higher concentration of faeces gave a very fast 
decomposition of urea. 

Addition of different concentrations of acids. 

An addition of 20 meq of acid per litre undiluted urine was enough to inhibit the 
decomposition of urea in urine without faeces. In urine where faeces had been added it 
was necessary to add 40 meq of acid per litre undiluted urine to prevent the 
decomposition of urea. 

Multi-time dosage of urine 

Cans with a multi-time addition of acid 

The pH increased rapidly in the cans with a multi-time addition of acid. After three 
weeks the pH was above 8 in all the cans. The same development was observed in the 
two references (cans no.l and 2 in Table 3). The increase in pH started after the first 
dosage of urine for all cans with a continuous addition of acid except in the cans with an 
addition of 30 and 60 meq of H2SO4 per litre of urine respectively. In the cans with an 
addition of 30 and 60 meq of H 2 S0 4 , the pH started to increase after the second dosage 
occasion of urine. 

Cans with one-time dosage of acid 

The pH development in the cans with one-time dosage of acid is shown in Figure 5. 

10 

0 50 100 150 200 250 300 
days 

Figure 5. Measurements of pH during storage of urine using one-time dosage of acid. The 
addition of urine stopped after 85 days (solid line). The reference sample (can no. 2) had no 
addition of acid. 
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The pH remained low (< 5) for more than 100 days after the period of dosage of 
urinestopped in the cans with an addition of 60 meq acid per litre urine. In the can with 
an addition of H2SO4 the pH remained low throughout the whole experiment. 

After 22, 100 and 222 days of storage samples were taken for analyses of total and 
ammoniacal nitrogen. The analyses of total nitrogen showed that the losses of nitrogen 
during storage was negligible. The result of ammoniacal nitrogen analyses showed how 
the decomposition of urea proceeded (Figures 6 and 7). The fraction of ammoniacal 
nitrogen was low in cans with an addition of 60 meq of acid per litre undiluted urine 
throughout the whole investigated period. However, a significant increase in 
ammoniacal nitrogen could be noted on the last sampling occasion in the can with an 
addition of acetic acid. 

O Ref. (2) 

D15 meq (6) 

• 30 meq (7) 

• 60 meq (8) 

45 100 

Storage time. Days 

Figure 6. The decomposition of urea measured as the ratio between ammoniacal nitrogen 
(amm-N) and total nitrogen (tot-N) after 45, 100 and 222 days of storage of urine in cans with 
one-time dosage of acetic acid. The pH in the urine solutions at the time of sampling is shown 
in top of each column. Numbers in brackets in the legend text indicate the can numbers 
presented in Table 3. 

11 



100 i 9.1 • O J - 9.1 

Storage time, days 

Figure 7. The decomposition of urea measured as the ratio between ammoniacal nitrogen 
(amm-N) and total nitrogen (tot-N) after 45, 100 and 222 days of storage of urine in cans with 
one-time dosage of sulphuric acid. The pH in the urine solutions at the time of samphng is 
shown in top of each column. Numbers in brackets in the legend text indicate the can numbers 
presented in Table 3. 

Acidification of long stored urine 

Titration of urine from cans no. 4 and no. 10 was performed after 254 days of storage in 
order to determine the amount of acid necessary to decrease the pH after complete 
decomposition of urea. The results of the titration were similar for samples from both 
cans (Figure 8). 
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Figure 8. Titration with 1 M HCl of samples from can no. 4 (30 meq of H 2S0 4 per htre 
undiluted urine, one-time dosage) and can no. 10 (30 meq of H 2S0 4 per litre undiluted urine, 
multi-time dosage). 

Viable count 
Samples from five bottles in the Faeces experiment (F) were taken and viable counts 
were done after 35 days of storage. The concentration of added faeces varied between 0 
and 990 mg TS per litre urine. No effect of the amount of added faeces could be 
observed. In fact, there was about the same amount of bacteria in the bottle without any 
addition of faeces as in bottles with an addition of faeces. Furthermore, the lowest 
amount of bacteria was found in the bottle with the highest amount of added faeces. 
However, that bottle also had a pH of 8.9 while the pH in the other bottles was between 
6.1 and 8.2. 

Samples from bottles in the Acidification experiment (A) were also taken. The results 
from the viable counts are included in Figures 11 and 12. The data from this experiment 
clearly indicate the effect of pH, i.e. a low number of bacterial cells at high and low pH 
respectively. 

In Figures 9 and 10 the viable counts of bacterial cells in samples from cans taken at 
different times are shown. It should be noted that the first samples were taken in the 
middle of the period of addition of urine. Thus, some of the bacteria in the cans at that 
moment could have been recently added. As could be seen in the figures, the number of 
bacteria decreased during storage at pH around 9 (see also Figure 5). Further, there was 
a considerable amount of bacteria in the cans with an addition of 60 meq acid on all 
sampling occasions. 
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Figure 9. Viable counts on nutrient agar (NA) of samples from some cans with multi-time 
dosages of acid at different storage times. The pH in the urine solutions at the time of sampling 
is shown in top of each column. 
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Figure 10. Viable counts on enterococcus selective agar (ES) of samples from some cans with 
multi-time dosages of acid at different storage times. The pH in the urine solutions at the time 
of samphng is shown in top of each column. 

The results of viable counts of bacteria in samples from cans and bottles are shown in 
Figures 11 and 12. The results are presented as a function of pH (Figure 11) and as a 
function of the storage time with a pH above 8.5 (Figure 12). Noteworthy is the 
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tolerance to high and low pH, i.e. living bacteria could be found in the mixture with pH 
around 3 as well as in mixtures with pH about 9. However, a long storage time at high 
pH seems to reduce the number of bacteria (Figure 12). 
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Figure 11. The results of viable counts on nutrient agar (NA) and on enterococcus selective 
agar (ES) respectively. Samples have been taken in bottles as well as in cans at different storage 
times. The X-axis shows the pH in the urine solutions at the time of sampling. 
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Figure 12. The results of viable counts on nutrient agar (NA) and on enterococcus selective 
agar (ES) respectively. Samples have been taken in bottles as well as in cans at different storage 
times. The X-axis shows the number of days with a pH above 8.5. 
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Discussion 
There is a strong relationship between pH and the fraction of urea decomposed in urine 
(Figure 3). Figure 3 also shows that the pH could be relative high, i.e. around 9, without 
a complete decomposition of urea. Thus, a record of pH-variations could be a method to 
detect the start of the decomposition of urea and to measure how fast it proceeds at the 
beginning of the decomposition process. Furthermore, as is shown in Figures 6 and 7, 
the decomposition of urea seems to proceed at relatively high pH values. However, the 
amount of bacteria is relatively small in urine stored at high pH during a longer period. 

One-time dosage of 60 meq acid per litre undiluted urine inhibited the decomposition of 
urea during a relatively long period of storage in cans with multi-time dosages of urine. 
The use of 60 meq of sulphuric acid or acetic acid resulted in a pH of about 3 and 5 
respectively after 200 days of storage (Figure 5). After 210 days of storage a significant 
increase in pH was observed in the can with an addition of acetic acid. Furthermore, 
after 222 days of storage the fraction of ammoniacal nitrogen had started to increase 
significantly in the can with an addition of 60 meq acetic acid, whereas the fraction of 
ammoniacal nitrogen only increased marginally in the can with an addition of 60 meq of 
sulphuric acid (Figures 6 and 7). Thus, the results indicate that sulphuric acid is more 
efficient compared to acetic acid, which could be explained by the lower pH. The effect 
of pH is illustrated by Figure 11. As is shown in the figure, the amount of bacteria is 
small at pH below 3. 

The reason why one-time dosage of acid was more efficient in inhibiting the 
decomposition of urea could be explained by the high concentration of acid (i.e. 1200 
meq after the first dosage of urine, 600 after the second dosage etc. in cans with an 
addition of 60 meq acid) and low pH at the beginning of the period of dosages of urine. 
The high concentrations of acids caused unfavourable conditions for survival of the 
bacteria (see also Figure 11). At the end of the period of dosages of urine it could be 
assumed that the concentration of bacteria was reduced due to dilution. Still, it should 
be noted that cans with a one-time dosage of 60 meq of acids contained a significant 
amount of bacteria (Figures 9 and 10). However, the amount of bacteria in these cans 
was lower than the amount found in other cans and bottles at more favourable pH 
(Figure 11). 

The dosage of 60 meq of acid per litre undiluted urine should be compared with the 600 
to 650 meq of acid that would be necessary to reach the same pH after complete 
decomposition of urea. Thus, to reduce the usage of acid it is necessary to add the acid 
before the decomposition starts. 

In this project only two different acids have been tested. It could be assumed that it is 
the decrease in pH that inhibits the decomposition of urea. Thus, it should be possible to 
use other acids that could decrease the pH to about 3. Because the overall objective of 
the source separation system is to use the urine as a fertiliser, it would be suitable to use 
acids with a value as a fertiliser, e.g. phosphoric acid or sulphuric acid. 

It should be remembered that the urine used in the experiment was relative fresh, i.e. the 
amount of decomposed urea was negligible, when added to the storage cans. In ful l scale 
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systems, the urine is often transported several metres before entering the storage tank. 
Thus, further investigations of the reactivity within the urine sewer system are necessary 
in order to evaluate the possibilities to implement the tested method in full scale 
systems. However, the results suggest that acidification could be a useful method to 
inhibit the decomposition of urea. 

Conclusions 
There is a strong relationship between pH and the fraction of urea decomposed in 
human urine. Thus pH measurement could be used as a method to follow the 
decomposition rate of urea. Addition of faeces to urine before storage would 
significantly increase the decomposition rate of urea. However, a one-time dosage of 60 
meq sulphuric or acetic acid per litre undiluted urine at the beginning of the storage 
period could inhibit the decomposition of urea 
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An exergy analysis for a wastewater 
treatment plant—an estimation of the 

consumption of physical resources 
Daniel Hellström 

ABSTRACT: The objective of this article is to exemplify how an 
exergy analysis could be used to estimate the consumption of physical 
resources at a wastewater treatment plant (WWTP). The exergy analysis 
has been performed for Luleå WWTP in Northern Sweden. About 
60 000 population equivalents are connected to the WWTP, which has 
mechanical and chemical treatment. Flows included in the analysis are 
the wastewater heat, precipitants and other chemicals, organic matter 
and nutrients in the wastewater and biosolids. and electricity used for 
operation and maintenance. One conclusion is that the value of the heat 
is overestimated in a conventional energy analysis. Also, the organic 
matter probably represents the largest technical exergy flow. It is not 
clear how the exergy value of nutrients should be estimated. Water 
Environ. Res., 69, 44 (1997). 

KEYWORDS: biosolids. energy, exergy, nitrogen, organic matter, 
phosphorus, wastewater. 

There is an increasing demand for more sustainable wastewa
ter treatment systems. However, the criteria needed to character
ize such a system are not fully developed. One important tool 
in the analysis of the sustainability of a wastewater treatment 
system is the exergy analysis. 

Earlier studies of physical resources used in water and waste
water treatment have been focused on the energy demand for 
different processes (Hydén and Lundgren, 1981). These studies 
have shown that the main part of the energy used in municipal 
water systems is for heating of tap water. The studies have also 
shown that wastewater heat is the dominant energy resource 
(Hydén and Lundgren, 1981). Ødegaard (1995) has presented 
results from cost-efficiency analysis, energy consumption, and 
life-cycle assessment ( L C A ) analysis for different treatment al
ternatives. 

However, studies based on the concept of energy provide 
little information about how efficiently physical resources are 
used. This is due to the indestructibility of energy, which means 
that energy is conserved in every process. Energy can only be 
converted into different forms. The conversion of energy in a 
process occurs by the consumption of the quality of the energy. 
Thus, energy could be regarded as a carrier of quality, and it 
is this quality that is consumed during the conversion of energy 
(Wall, 1977). The quality of a flow of energy could be defined 
as the useful part of the energy, that is, that part that can perform 
mechanical work. The term for this part of the energy is exergy, 
which could be defined as that part of the energy that is convert
ible into all other forms of energy (Wall, 1977). 

Studies based on cost-efficiency may to some extent include 
the consumption of physical resources. However, the result of 
the analysis will be highly dependent on how different resources 

are valued. The use of L C A analysis is an interesting and prom
ising tool for estimating environmental impact as accurately as 

possible. However, the result of the L C A analysis is dependent 
on the quality of the used data. Thus, using the concept of 
exergy to estimate the consumption of physical resources will 
improve the quality of the data necessary for an L C A analysis. 

Objectives and scope 
The aims of this study were as follows: 

• To exemplify how the exergy analysis could be used to 
evaluate the flow of the physical recourses to and from a 
wastewater treatment plant. 

• To compare the results from exergy calculations with those 

from energy calculations. 

The data for our investigation were collected from Uddebo 
(Luleå, Sweden) wastewater treatment plant (WWTP). The pur
pose of this study was not primarily to evaluate the effectiveness 
at Uddebo, but to show how the exergy analysis can be used. 

The following simplifications and limitations have been used: 

• The water is considered to be a fluid containing compo
nents of exergy. The components investigated in this work 
are heat, organic matter, phosphorus, and nitrogen. 

• The exergy value of clean water and uncontaminated nutri
ents is not estimated. 

• Maintenance and repair of the treatment plant are excluded 
from the calculations. The exergy in buildings is not con
sidered. 

• The exergy from labor is assumed to be negligible com
pared with other exergy flows. 

• The boundary for the system is drawn around the treatment 
plant. This means, for example, that no calculations are 
performed for the exergy needed to manufacture chemicals 
and other products used in different treatment processes. 
The only exergy that is taken into consideration is the 
exergy of the compound or product itself (some exceptions 
to the rule may occur). 

Other simplifications and assumptions that have been used 
are described in the different parts that follow. 

A Description of Luleå WWTP (Uddebo) 
Luleå WWTP receives wastewater from the urban area of 

Luleå and a number of small southern villages, about 60 000 
population equivalents (pe) altogether. The flow of wastewater, 
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Table 1—Watewater flow and concentration of organic 
matter and nutrients in wastewater at Luleå WWTP. 

Paramete r 1991 1992 1993 

Flow, m 3/d (yearly average) 28100 26 600 27 600 

Input 
BOD7, mg/L 182 204 202 

COD, mg/L 425 417 405 

tot-P, mg/L 6.4 5.7 5.4 

Output 
BOD7, mg/L 61 80 62 

COD, mg/L 111 132 122 

tot-P, mg/L 1.34 0.98 0.70 

Tot-N, mg/L 22 27 25 

NH 4-N, mg/L 20 20 21 

Data received from the Municipality of Luleå. 

- • - P(in) - «- N (out) 
700 

J \ COD (In) —>-BOD7(in) 
• it- -

/ \ S — • 

t T . . . V ^ * 

Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Figure 2—Concentration of organic matter, nitrogen, 
and phosphorus in wastewater at Luleå WWTP during 
1992. Data received from the Municipality of Luleå. 

organic matter, and nutrients is shown in Table 1 and in Figure 

1 and 2. The plant was initially erected in the 1960s as a me
chanical treatment plant and was, during 1973-1974, modified 
to become a combined mechanical and direct precipitation treat
ment plant. From the start until 1992 the wastewater was precip
itated with calcium hydroxide [Ca(OH) 2 ]. The lime was then 
substituted for A V R (aluminum sulfate containing some per
centage of iron sulfate) to meet more stringent effluent standard 
demands valid from 1995 and forward (<0.5 mg total P / L ) . 
The consumption of precipitants and polymers is given in Table 
2. The wastewater solids are dewatered in a gravity thickener 
followed by centrifugation. The amount of biosolids produced 
at Luleå WWTP is shown in Table 3. The recipient is the Lule 

River. 

Exergy Analysis for Uddebo Wastewater Treatment 

Plant 
Temperature. The energy value of the wastewater, due to 

the heat, is calculated as the temperature difference between 
the wastewater and the surrounding air times the heat capacity 
of water. The exergy is then calculated as the energy times the 
Carnot factor. It should be noted that no energy or exergy is 
available if the ambient temperature is higher than the wastewa
ter temperature. The following equations have been used. 

Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Figure 1—Wastewater flow at Uddebo WWTP during 
1992. Data received from the Municipality of Luleå. 

If the ambient temperature is above 0°C, the energy and 

exergy can be calculated by Equations 1 and 2: 

and 

where 

Q = mUJ - To) 

E = Q U - W - T 0 ) ln (777-0)] 

(1) 

(2) 

Q = energy flow rate, J/d; 
m = mass flow rate, kg/d; 
c, = specific heat capacity of water, J/kg • K; 
T = temperature of wastewater, K; 

To — ambient temperature, K ; and 
E = exergy flow rate, J/d. 

If the ambient temperature is below 0°C, the melting heat 
and the specific heat capacity of ice must be considered. This 
means that the theoretically available energy and exergy can be 

calculated by 

where 

and 

where 

Q = Ql + Ql + 03 

0, = mcAT - T i a ) 

Q2 = mc2 

Q3 = mc 3 ( r , „ - To) 

E = £, + E2 + Ei 

(3) 

(3a) 

(3b) 

(3c) 

(4) 

Table 2—Chemicals used at Luleå WWTP. 

P a r a m e t e r 1991 1992 1993 

Lime, 10 3 kg CaO/yr 1 223 1 383 
AVRa, 10 3 kg/yr 573 458 1 536 
Polymer, 10 3 kg/yr 7.0 4.9 8.4 

3 Defined in text. 
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Table 3—Amounts of biosolids and nutrients produced 
at Luleå WWTP. 

P a r a m e t e r 1991 1992 1993 

TS, % 24.6 25.6 21.7 
TS, 10 3 kg/yr 3 791 3 222 2 634 
Volatile solids, 10 3 kg/ 

yr 1 991 1 534 1 912 
Nitrogen, 10 3 kg/yr 77.7 168.5 85.3 
NHj-N, 10 3 kg/yr 8.0 11.3 3.4 
Phosphorus, 10 3 kg/yr 53.4 37.0 42.6 

TS, total dry solids. 

E, = 2,11 - W - r k J In ( T / r f a ) ] (4a) 

E2 = Q2(Tm - T 0 ) /r ,„ (4b) 

E, = Ö 3 P - W t e - 3"o) In (7W7-,)] (4c) 

c 2 = melting heat of ice, J/K; 
c 3 = specific heat capacity of ice, J/(kg, K ) ; and 

7",« = 273.15 K. 

According to Hydén et al. (1985), it is not suitable to lower 
the temperature of the wastewater below 2°C with heat pumps. 
Equations 5 and 6 can then be used to calculate the "practi
cally" available energy and exergy. 

Q = mcx(T - 275.15) (5) 

E = mcs(T - 275.15)[1 - W - 275.15) ln (77275.15)] (6) 

The average flow and temperature for each month during 1992 
(Figures 1 and 3) have been used to calculate the energy and 
exergy flows. Note that both the actual air temperature and the 
normal air temperamre have been used as ambient temperature. 
The reason is to calculate the available energy and exergy during 
a normal year, which can be achieved because the wastewater 
temperature is only marginally influenced by the air tempera
ture. Calculations have been performed for the theoretically 

GJ/d 

14 000 

B energy (average year ) 

Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Figure 4—Flows of theoretically available exergy and en
ergy, due to the difference between the temperature in 
the wastewater and the ambient air temperature. 

available energy and exergy (Figure 4) and for the practically 
available energy and exergy (Figure 5). It should be noted that 
the energy released during freezing of water highly influences 
the results of the calculations. 

The change of wastewater temperature then passing through 
the plant is small. This means that the energy and exergy con
tents of the wastewater due to heat are only marginally changed 
during the treatment process. However, the air in the plant 
buildings is cooled by the water and will increase the energy 
demand for heating. 

The majority of the energy used in the municipal water sys
tem is used for heating of tap water. About 30% of the domestic 
tap water is warmed to 55°C to 60°C (Bengtsson et al. 1981). 
Mixing hot water with cold water causes no energy losses but 
significant exergy losses. It can be assumed that 10% of the 
wastewater has been heated to 60°C and 90% has a temperature 
of 7°C. If the ambient air temperature in Luleå is used (1.5°C 
as an yearly average), it can be calculated that the exergy losses 
will be about 50 GJ/d. There are also exergy losses when the 
wastewater is released into the recipient. 

Operation and maintenance. The only source of energy for 
operation (for example, pumping and ventilation) and heating 

. - Jr 
—•—' " - "x 

•v.% 

!/ \ 
•/ 

/ 

\ 

—•—wastewater 

• — air, 1992 

—-'—air, average '61 -'90 — 
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Figure 3—Temperature in the wastewater during 1992 
and in the air in Luleå during 1992, and during a normal 
year (average for 1961-1990). Data received from the 
Municipality of Luleå and from The Swedish Meteorolog
ical and Hydrologicai Institute (1992). 

£ energy (1992) 

• energy (average year ) 

• exergy (1992) 

n exergy (average year) 
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Figure 5—Flows of practically available exergy and en
ergy due to the difference between the temperature in 
the wastewater and the ambient temperature. 
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Table A—Exergy flow due to organic matter. 

• operation 

• heating 

Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Figure 6—Utilization of electricity at Luleå WWTP during 
1992. Data received from the Municipality of Luleå. 

at Luleå WWTP is electricity. The monthly input of exergy and 
energy is shown in Figure 6. Note that the input of exergy and 
energy will be equal when electricity is used because of the 
high quality of electrical energy. 

Organic matter and nutrients (phosphorus and nitrogen) 
in the wastewater. The exergy of a chemical compound is the 
amount of energy that will be released when the compounds 
react and the products go to equilibrium with the surroundings. 

This means that the exergy for a chemical compound is deter
mined in the same way as Gibb's free energy, with the differ
ence that the exergy is related to ambient conditions and Gibb' s 
energy is related to standard conditions. 

The exergy for chemical species can be calculated by 

E = n V? - ßo" + R X T„ X ln - (7) 

where 

E = the exergy of the species, J ; 
n = number of moles; 

Po = the chemical potential for the species related to its stan
dard condition, J/mole; 

Po° = the chemical potential for the species in the ambient 
condition, J/mole 

R = 8.3143, J/mole • K; 
T0 = ambient temperature, K; 
C = concentration of the species, mole/L; and 

C 0 = concentration of the species in the environment, mole/ 

Exergy of organic matter. It has been shown by Tai et al. 

(1986) that the standard chemical exergy for organic matter in 
wastewater can be calculated by Equation 8. 

Eo (J/L) = 13.6TOD (mg/L) (8) 

where T O D is the theoretical oxygen demand. 
The dilution of the organic matter should be taken into ac

count, according to Equation 7. The results of the calculations 
show that the theoretical loss of exergy due to dilution is com
paratively small (Table 4). The exergy due to organic matter 
can be calculated both from the chemical oxygen demand 
(COD) and biochemical oxygen demand ( B O D 7 ) values (Table 

E x e r g y flow d u e to 

E x e r g y f low d u e to eas i l y degradab le 

organic matter ( C O D ) o r g a n i c matter ( B O D 7 ) 

Y e a r In, G J / d Out , G J / d In, G J / d Out, G J / d 

1991 159 (162) 41 (42) 71 24 
1992 147 (151) 46 (48) 76 30 
1993 149 (152) 44 (46) 78 24 

Figures in parentheses are exergy flow if dilution is not considered. 

4). The BODv values give an estimation of the amount of easily 
biodegradable organic matter. 

In earlier energy analysis the combustion heat of organic 
maner 13.6 kJ/g C O D has been used (Hydén and Lundgren, 
1981). This means that the energy and exergy analyses will 
show similar results because of the high quality of the energy 
in the organic matter. However, not all the organic matter is 
easily biodegradable and hence B O D will give a more realistic 
measure of the amount of technically available exergy. 

Exergy of phosphorus and nitrogen. The exergy due to nitro
gen and phosphorus can be calculated as for organic matter. An 
exergy potential for nitrogen and phosphorus is also calculated 
in this analysis. The exergy potential is calculated as the exergy 
of the biomass that can be produced if the nutrients are assimi
lated by green cells. This calculation is interesting because the 
exergy in the radiation from the sun is the only external exergy 
source for the earth. 

To simplify the calculation, it is assumed that all nitrogen 
exists as ammonium and all phosphorus as phosphate 

(HOP 4

2 ~) . The standard chemical exergy for ammonium is 

322.1 kJ/mole and for H P 0 4

2 " is 134.1 kJ/mole (Szargut et al. 

1988). The exergy flows for nitrogen and phosphorus have then 
been calculated according to Equation 7, and the results are 
shown in Table 5. It should be noted that the amount of nitrogen 
in the influent has been estimated to be 25% higher than in the 
effluent. 

To estimate the exergy potential it is assumed that one kilo
gram of nitrogen could stimulate the manufacturing of 16 kg 
of algal biomass, which would be equivalent to 20 kg of C O D . 
The corresponding amount of produced biomass, if 1 kg of 
phosphorus was completely assimilated, is 111 kg with a C O D 
of 138 kg (Randall et al. 1992). The exergy for the biomass 
that can be produced has then been calculated by Equation 8 
(see Table 6). It should be noted that the exergy potentials for 
two different nutrients cannot be added to each other, because 

Table 5—Exergy flow due to nitrogen and phosphorus 
at Luleå WWTP. 

P h o s p h o r u s Nitrogen 

In, G J / d Out , G J / d In, G J / d Out , G J / d 

1991 0.67 0.13 17 14 
1992 0.56 0.09 20 16 
1993 0.55 0.06 19 15 
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Table 6—Exergy potential flow due to nitrogen and 
phosphorus at Luleå WWTP. 

P h o s p h o r u s Nitrogen 

In, G J / d Out , G J / d In, G J / d Out , G J / d 

1991 338 71 210 168 
1992 285 49 245 195 
1993 280 36 235 188 

the green cells need both nitrogen and phosphorus for produc
tion of biomass. 

Exergy and energy in chemicals. The method to calculate 
the exergy in chemicals is the same as for nutrients and organic 
matter. 

During the studied period, lime and A V R have been used 
as precipitants (see Table 2). The A V R contains 8.0% A l as 
A 1 2 ( S 0 4 ) 3 - 1 4 - 1 6 H 2 0 and 0.7% Fe as F e 2 ( S 0 4 ) 3 • 9 H 2 0 . The 
exergy values for A V R and CaO have been collected from 
Szargut et al. (1988). The exergy value for ferric sulphate has 
been calculated from the exergy value for ferro sulphate and 
the difference in Gibb's free energy between the ferro and ferric 
ion (Table 7). 

Organic polymers are typically classified as long-chain or
ganic molecules with molecular weights varying from 104 to 
10 6 (Metcalf & Eddy. Inc., 1991). Szargut et al. (1988) give 
several values for different organic compounds. The exergy 
value is highly correlated to the amount of oxygen, nitrogen, 
and sulphur in the molecules. For a clean hydrocarbon molecule 
the exergy value is between 40 and 50 kJ/g. If the organic 
compounds contain other species, the exergy value is between 
10 and 40 kJ/g (see also Table 7). 

The exergy flow due to consumed chemicals has been esti
mated by using the values given in Table 7 times the data for 
consumption in Table 2. The results are shown in Table 8. The 
chemical energy in the precipitants will be equal to the exergy. 
However, much energy is used for production and transporta
tion. In Table 9 some values found in the literature have been 
listed. 

Exergy in biosolids. The exergy in biosolids can be calcu
lated in the same way as for wastewater. However, there will 
be some problem in calculating the remaining exergy value 
of the used precipitants. Here is it assumed that all removed 
phosphorus will precipitate with Ca2"1" or A l 3 * and that the re
maining chemicals will form hydroxides or carbonates. The 
exergy value for Al (OH) 3 has not been found in the literature, 
and it has been impossible to calculate this value. Therefore the 
exergy value for A1 2 0 3 is used, which is 200.4 kJ/mole ac
cording to Szargut et al (1988). The estimated amounts of 
different compounds in the biosolids are given in Table 10. 

The organic matter is assumed to be present as cellulose, 
( C ! 2 H 2 4 O i 2 ) n - or cell tissue, C 5 H 7 N 0 2 . The ratio between cell 

Table 7—Exergy values used for chemicals. 

C a O AI 2 (SO„) 3 F e S 0 4 F e 2 ( S O J 3 P o l y m e r 

Exergy, k j / g 1.96 1.55 1.14 1.38 40 

Table 8—Exergy flow due to consumed chemicals. 

L ime , G J / d A V R , G J / d Polymer, G J / d 

1991 6.58 '.28 0.77 
1992 7.45 1.02 0.54 
1993 0 3.42 0.92 

tissue and cellulose is determined by the amount of nitrogen in 
the biosolids. It is assumed that all nitrogen in the biosolids is 
present as organic nitrogen and therefore included in the cell 
tissue. The estimated amounts of cellulose and cell tissue are 
given in Table 10. 

The exergy value for cellulose is 16.83 kJ/g (Szargut et al, 
1988). The exergy value for the cell tissue is estimated by 
calculating the T O D , which is then multiplied by 13.6 kJ/g 
C O D (Tai et al, 1986). Note that the used polymers are included 
in the organic matter in the biosolids. 

Phosphorus is precipitated with calcium or aluminium and 
nitrogen is said to be assimilated in the organic molecules. This 
means that the chemical exergy in phosphorus and nitrogen is 
included in the exergy value for the biosolids. However, it is 
also possible to calculate the exergy potential of the biosolids 
in the same way as for wastewater (see Table 11). The values 
in Table 11 show that the main part of the exergy in the biosolids 
is due to their content of organic matter. The exergy value of 
inorganic compounds seems to be negligible if the "exergy 
potential'' for the nutrients is not considered. 

The simplification that nitrogen occurs as ammonium in waste
water and as organic nitrogen in the biosolids will not cause any 
significant error in the exergy analysis. The reason is that more 
than 80% of the nitrogen in the effluent occurs as ammonium, 
whereas the same figure for biosolids is less than 10%. 

To fractionate the organic matter into cell tissue and cellulose 
does not necessarily improve the results of the exergy calcula
tions. An easier method to estimate the exergy value for the 
organic matter is to calculate the theoretical oxygen demand 
for all organic matter and then multiply that by 13.6 kJ/g COD 
(Tai et al, 1986). 

A summary of the exergy flows at Luleå WWTP. Figure 
7 shows the theoretically and the potentially available exergy 
flows. Figure 8 shows the technically available exergy flows. 
The flows are calculated as average values for the period stud-

Table 9—Energy used in production of chemicals used 
in water treatment. 

E n e r g y d e m a n d in product ion, k j / g 

Hydén a n d L u n d g r e n Everitt a n d Holmér 

C h e m i c a l (1981) (1983)" 

Aluminium sulfate 0.70 2.15 
AVR — 2.30 
Ca(OH)2 1.40 — 
CaO — 4.50 
Polymer 14.0 85.5 

3 Includes total energy needed for mining, transportation, and manu
facturing. 
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Table 10—Amount of chemicals in the biosolids at Luleå WWTP. 

Y e a r C a 3 ( P 0 4 ) 2 AIPC-4 C a C 0 3 AI(OH) 3 F e ( O H ) 3 C e l l t i s s u e C e l l u l o s a 

1991 178 70 1 456 88 8 627 1 364 

1992 123 49 1 435 75 6 1 360 174 

1993 0 168 0 248 21 688 1 224 

Values are X10 3 kg/y. 

ied, except for the exergy flow due to heat, which is calculated 
from temperature differences between monthly average temper
atures of wastewater and the ambient air temperature during a 

normal year. 
To calculate the technically available exergy flow, it is as

sumed that it is not feasible to lower the water temperature 
below 2°C. It is also assumed that only the easily biodegradable 
organic matter (as B O D 7 ) and 50% of the exergy in biosolids 
are available. 

Discussion 
A comment on the assumptions used is necessary because 

they are the most important factors for obtaining a reasonable 
result. The assumptions that will be discussed here are the clean

ness of water and nutrients and the negligible content of exergy 
in labor. 

The magnitude of order and disorder in a physical structure 
could be measured as information. Information could be calcu
lated as exergy by using Boltzmann's constant. The exergy 
value of well-structured matter, that is, matter containing small 
amounts of impurities, is relatively small compared with the 
exergy flows due to heat and organic matter. That labor is 
negligible compared with other exergy flows indicate that there 
must also be a quality of exergy (intelligence). It is obvious 
that something is needed to operate the plant. 

Temperature. The heat of wastewater is dominant as an 

energy input but not as an exergy input. This is because the 
temperature in the wastewater is low. Hence, the heat of waste
water can only be used for heating of facilities if a heat pump 
is used. 

The calculations show that the theoretically available energy 
and exergy flows are much larger than the technically available 
ones. This is due to the melting heat of ice and hence the 
high theoretical values can only be obtained if the ambient air 
temperature is below 0°C. 

The large amount of energy that is transported to the W W T P 
is an effect of the heating of tap water. According to Hydén 
and Lundgren (1981) about 90% of the energy consumption 

associated with water and wastewater handling is used for heat

ing of tap water. 
The amount of exergy and energy that is available is highly 

dependent on the ambient temperature. The available energy 
and exergy will be much larger if the surrounding temperature 
is below 0°C, because of the heat released during freezing. In 
regions with long periods with temperatures below 0°C, it 
should be possible to store and freeze water and then use the 
melting heat. This could be done in combination with storing 
wastewater for irrigation. 

It is noteworthy that the exergy losses due to mixing of cold 
and hot tap water are of the same magnitude as the exergy in 
the wastewater itself. There are also exergy losses in the sewer
age system due to leakage and cooling of the wastewater. The 

exergy losses due to mixing occur also when the treated water 
is discharged into the recipient. 

Electricity. The energy and exergy inputs for heating, opera
tion, and maintenance of the treatment plant are equal because 
an electrical heating system is used. This is a very ineffective 
form of using physical resources, because energy of lower qual
ity can be used for heating purposes. 

The air temperature within the treatment plant is about 5°C 
to 10°C higher than the wastewater temperature. This means 

that some of the electricity is used to heat the wastewater and 
a significant amount of exergy is used to increase the energy 
content of the wastewater. However, the exergy in the electricity 
will be lost because of the low quality of the wastewater heat 

energy. 
Organic matter. The theoretically available exergy in or

ganic matter is relatively high. With the techniques used today 
about 40% of the exergy can be collected through anaerobic 
digestion of wastewater solids—an estimation based on the 
values found in W E F (1992). It should be noted that the exergy 
loss in aerobic treatment systems is relatively large because of 
the reduction of organic matter to carbon dioxide and water. 
There is also exergy consumption in activated sludge units due 
to aeration and mixing and in trickling filter units due to pump
ing and ventilation. 

Table 11—Exergy flow due to different compounds in the biosolids at Luleå WWTP. 

E x e r g y 

potent ia l 

C a 3 ( P 0 4 ) 2 AIPO4 C a C O j A I (OH) 3 F e ( O H ) 3 C e l l t i s s u e Ce l lu losa P N 

1991 0.03 0.24 0.04 0.31 0.01 63 33 275 58 
1992 0.02 0.17 0.04 0.26 0.01 8.0 72 190 126 
1993 0 0.58 0 0.87 0.02 56 36 219 64 

Values are GJ/d. 
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Figure 7—Theoretically and potentially available exergy 
flows at Luleå WWTP. 

The anaerobic digestion of organic matter is cost effective 
for warm wastes with a high concentration of biodegradable 

organic matter ( > 1 kg COD/m 3 ) (Henze and Harremoes, 1983). 
Dissolving of methane in water will increase significantly when 
the concentration of organic matter decreases (Boman and Fros-
tell, 1987). The dissolving of methane will also increase with 
decreased temperatures. If the temperature is too low, the bio
logical process will be so slow that it is not feasible to use 
anaerobic digestion. However, one way to increase the concen
tration of organic matter is to use techniques for separation of 
urine and feces. A separation of urine and feces will also facili
tate the handling of the exergy potential of the nutrients more 
effectively. 

Nutrients. The chemical exergy due to phosphorus is negligi
ble compared with other exergy flows and the exergy due to 
nitrogen is also relatively small. The results indicate that the 
exergy analysis alone cannot be used to estimate the sustainabil
ity of a system. For example, the exergy analysis does not show 
the decrease in limited phosphorus resources. 

The exergy analysis could be expanded so that the exergy 
costs for production of nutrients are included, a method that is 
similar to earlier energy analysis (Everitt and Holmér, 1983). 
It is also of interest to calculate the marginal exergy cost for 
finite resources such as phosphorus. 

An exergy analysis that includes exergy needed to produce 
the products handled in wastewater treatment has some limita
tions. The collection of data will be quite complicated and the 
result will also highly depend on the effectiveness of the manu
facturing process. 

Because nitrogen compounds and phosphorus compounds in 
wastewater could be used in photosynthesis by green plants, 

they represent a potential exergy capture. The potential exergy 
of the nutrients is high. 

It is obvious that the exergy value does not include the value 
of life and the biological quality of matter. This means that the 
exergy analysis cannot be the only instrument to estimate the 
impact on the environment. 

Chemicals. The exergy flow due to chemicals is low com
pared with other flows. However, it should be emphasized that 
external exergy consumption is not included in this analysis. 
This means that the total exergy consumption, including exter
nal factors, at Luleå W W T P probably could be reduced signifi

cantly if other treatment methods for phosphorus reduction are 
selected (for example, biological phosphorus removal). 

Biosolids. The exergy in biosolids is due to their content of 
organic matter. The exergy due to organic matter could be di
rectly available by production of methane. There is also a con
siderable exergy potential in the biosolids due to phosphorus 
and nitrogen. This potential could be utilized by using the bio-

solids as fertilizers. 
As mentioned above, it is not possible to estimate the biologi

cal quality of any substances by calculating the content of ex
ergy. Hence, it is important that the content of heavy metals 
and organic hazardous compounds in the biosolids is measured. 
The content of different hazardous elements must be low if the 
exergy potential due to the nutrients is to be used. 

The total exergy flows. It is obvious that the result is highly 
dependent on which method is chosen to calculate the different 
flows. The melting heat of ice is one problem, and the amount 
of organic matter that really is available is another. However, 
in this analysis it seems to be most difficult to estimate the 
exergy values of the nutrients. 

It is, however, clear that the results from earlier energy analy
sis, concluding that the heat of the water is the most interesting 
resource, are doubtful. If the treatment plant is located in a 
warmer region than northern Sweden, the analysis will clearly 
show that it is the organic matter and maybe the nutrients that 
are most important as far as exergy is concemed. However, if 
the system is located in a cold region the heat of the wastewater 
will be an incentive to store the water. The stored wastewater 
could then be used for irrigation to utilize some of the exergy 

potential due to the nutrients in the wastewater. 
The exergy analysis could also be used to evaluate the whole 

system of water supply and wastewater treatment. It should be 
possible to calculate not only the exergy losses due to mixing 
of hot and cold water, but also the losses due to mixing of other 
pure fractions (such as urine and wastewater). 

It should be noted that the toxicity and consumption of limited 
resources are not easily included in the analysis. The impact on 
and effort of human beings are also difficult to estimate. This 
means that the exergy analysis is not the ultimate tool, but a 
great improvement compared with the energy analysis. 

Conclusions 
The exergy flows due to heat, electricity, organic matter, 

nutrients, and chemicals were calculated. The study shows that 

I In nOut, water B Out, biosoiids 

Figure 8—Technically available exergy flows at Luleå 
WWTP. 
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an exergy analysis could be used to estimate the flows of physi
cal resources. The comparison of energy and exergy due to the 
heat of wastewater also shows that analyses based on only 

energy calculations could result in overestimation of certain 
flows. Hence, the results indicate that exergy analyses are pref
erable compared with energy analysis when describing the utili
zation of physical resources. It is also obvious that it is difficult, 
and probably impossible, to use exergy as the only tool to 
estimate the sustainability of a process or a system. However, 
the exergy concept should be considered as a useful tool for 
estimation of the utilization of physical resources. Finally, it 

should be remembered that exergy only reflects the thermody
namic aspects. For example, toxicity and the use of limited 
resources must be analyzed separately. 

Acknowledgments 
Credits. This work was supported by the Swedish Council 

for Building Research. The author is also grateful to Jörgen 
Hanæus at the Division of Sanitary Engineering, Luleå Univer
sity, who provided support during this project. The author also 

thanks Göran Wall, who has contributed his knowledge of the 
exergy concept. 

Submitted for publication July 14, 1995; revised manuscript 
submitted May 7, 1996; accepted for publication May 14, 1996. 

Author. Daniel Hellström works at the Division of Sanitary 
Engineering, Luleå University of Technology. Correspon
dence should be addressed to D. Hellström, Division of Sani
tary Engineering, Luleå University of Technology, S-971 87 
Luleå, Sweden. 

References 
Bengtsson, B., Gefwert. M , Söderlund, G. (1981) Energy Balances for 

Municipal Wastewater Systems. Board for Technical Development, 
STU-report 78-6161 (in Swedish). 

Boman, B., and Frosteli, B. (1987) The Potential for Production of 

Biogas from Wastewaters in Sweden. Swedish Environmental Re
search Institute, IVL report B 852 (in Swedish). 

Everitt, M., and Holmér, M. (1983) Cost-Benefit Energy-Analysis of 
Sanitary Systems. Royal University ofTechnology, Trita-Kut 3022 
(in Swedish). 

Henze, M., and Harremoes, P. (1983) Anaerobic Treatment of Wastewa
ter in Fixed Film Reactors—A Literature Review. Water Sci. Tech
nol. (G. B.X 15, 1. 

Hydén, H., Ericsson, B., Zetterling, H. (1985) Untreated Wastewater as 
a Resource When Using Heat Pumps. The Swedish Council for 
Building Research, report R99:1985 (in Swedish). 

Hydén, H., and Lundgren, J. (1983) Energy Transforms in Sanitary 
Systems. The Swedish Council for Building Research, report 
R132:1981 (in Swedish). 

Municipality of Luleå (1991-1993) Environmental Report for 1991-
1993—Uddebo Wastewater Treatment Plant (in Swedish). 

Metcalf & Eddy, Inc. (1991) Wastewater Engineering—Treatment, Dis
posal and Reuse, 3rd ed. Revised by G. Tchobanoglous, and F. L. 
Burton, McGraw-Hill, Inc.. New York, N.Y. 

Ødegaard, H. (1995) An Evaluation of Cost Efficiency and Sustainability 
of Different Wastewater Treatment Processes, Vatten, 51, 4, 291. 

Randall, C. W., Barnard J. L., Stensel, H. D. (1992) Design and Retrofit 
of Wastewater Treatment Plants for Biological Nutrient Removal. 
Technomic Publishing Company, Inc.. Lancaster, Pa. 

SMHI (1992) Weather and Water—A Periodical From the Swedish 
Meteorological and Hydrological Institute. Jan 92-Jan 93, 12 (in 
Swedish). 

Szargut J., Morris D. R., Steward F. R. (1988) Exergy Analysis of Ther
mal, Chemical and Metallurgical Processes. Springer-Verlag, New 
York, N.Y. 

Tai, S., Matsushige, K., Goda, T. (1986) Chemical Exergy and Organic 
Matter in Wastewater. Int. J. Environ. Studies, 27, 3/4, 301. 

Wall, G. (1977) Exergy—A Useful Concept Within Resource Account
ing. Report no. 77-42 Physical Resource Theory Group, Chalmers 
University of Technology, Sweden. 

Water Environment Federation (1992) Design of Municipal Wastewater 
Treatment Plants. WEF Manual of Practice No. 8, WEF, Alexan
dria, Va. 

51 Water E n v i r o n m e n t R e s e a r c h , Volume 69, Number 1 



PAPER V I I I 

Exergy Analysis and Nutrient Flows 
of Various Sewerage Systems 



Pergamon Wat. Sci. Tech. Vol. 35. No. 9, pp. 135-144,1997. 
© 1997 IAWQ. Published by Elsevier Science Ltd 

Printed in Great Britain 
0273-1223/97 $17-00 + 0 00 

PIT: S0273-1223(97)00191-l 

EXERGY ANALYSIS AND NUTRIENT 
FLOWS OF VARIOUS SEWERAGE 
SYSTEMS 

Daniel Hellström* and Erik Kärrman** 

* Division of Sanitary Engineering, Luleå University ofTechnology, A-971 87 Luleå, 
Sweden 
** Department of Sanitary Engineering, Chalmers University of Technology, S-412 96 
Göteborg, Sweden 

ABSTRACT 

There is an increasing demand for more sustainable sewerage systems. An important tool in the analysis of 

the sustainability of a sewerage system is exergy analysis. It is possible, by using an exergy analysis, to 

estimate the consumption of physical resources. In the present study, the demand on resources in the 

sewerage system of Bergsjon, a district of Göteborg, Sweden, was evaluated through exergy analysis. The 

case study included the existing system and two sewerage system alternatives. One important aspect of a 

sustainable sanitary system is nutrients recycling from sewage to agriculture. The exergy analysis has 

therefore been complemented with an analysis of the mass-flows of phosphorus and nitrogen. The study 

shows that the hypothetical calculated exergy consumption during operation will be lower in a system with 

local treatment and urine separation toilets compared with a conventional alternative. The amount of 

phosphorus that could be recycled is the same for the studied alternatives, but the amount of nitrogen that 

could be recycled is considerably higher for systems with urine separation techniques. © 1997 I A W Q . 

Published by Elsevier Science Ltd 
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INTRODUCTION 

There is an increasing demand for more sustainable sewerage systems, but the criteria needed to characterize 
such a system are not fully developed. Firstly, there is a need to define the term sustainable systems. One 
definition of sustainable development is that it is a development that "meets the needs of the present 
generations without compromising the ability of future generations to meet their own needs" (WCED, 1987). 
However, such a definition is unquantifiable and unverifiable (Ayres, 1996). Thus, different quantifiable 
criteria have been suggested (Ayres, 1996; Azar et al, 1996; Holmberg, 1995) as well as a sustainable 
process index (Narodoslawslky and Krotscheck, 1995; Moser, 1996). The suggested criteria show that 
several aspects should be taken into consideration in order to achieve a sustainable development. However, 
central criteria for a sustainable development are efficient use of physical resources and limiting the use of 
non-renewable resources. Hence, the study of how efficiently physical resources are used in sewerage 
system is of importance when discussing the sustainability of such a system. 
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Earlier studies of physical resources used in sewerage systems have been focused on the energy demand for 
different processes (Hydén and Lundgren, 1981; Ødegaard, 1995). However, studies based on the concept of 
energy provide little information about how efficiently physical resources are utilized. This is due to the 
indestructibility of energy, which means that energy is conserved in every process. Energy can only be 
converted into different forms. The conversion of energy in a process occurs by the consumption of the 
quality of the energy. Thus, energy could be regarded as a carrier of quality, and it is the quality that is 
consumed during the conversion of energy (Wall, 1977). The quality of a flow of energy could be defined as 
the useful part of the energy, i.e. that part that can perform mechanical work. The term for this part of the 
energy is exergy, which is strictly defined as that part of the energy that is convertible into all other forms of 
energy (Wall, 1977). 

The concept of exergy could be illustrated by using an example from Holmberg (1995) discussing the 
turnover of energy in a waterfall. In a waterfall the particles are moving in the same direction and a turbine 
could be used to extract mechanical work. If this is not done, when the water reaches the bottom of the 
waterfall, its kinetic energy is converted into heat. The particles are then no longer moving in the same 
direction but they move individually in different directions. The energy is conserved, but the energy in the 
heat is not available for work like the kinetic energy of the falling water; i.e. its exergy is lower. 

In the present study, exergy analysis is combined with a study of the mass-flows of phosphorus and nitrogen. 
One of four socio-ecological principles for a sustainable society from Holmberg (1995) says: "Substance 

from the lithosphere must not systematically accumulate in the ecosphere". This principle motivates studies 
of the mass-flows of phosphorus. Phosphorus is a non-renewable resource, which advantageously should be 
recycled to the agriculture. Concerning nitrogen, one could say that the nitrogen itself is not a limited 
resource. However, significant quantities of energy are needed to produce nitrogen fertilizer (Bøckman et al. 
1990). In addition, it should also be remembered that to achieve removal of nitrogen from sewage by 
biological methods, an extra input of energy and other physical resources are needed. On the other hand, a 
discharge of nitrogen into the recipient could result in eutrophication. 

OBJECTIVES 

The aim of the study is to compare three different sewerage systems by using exergy analysis and an 
analysis of the potential to utilise the nutrients form those systems in agriculture. This is done in order to 
achieve a measurement that, together with other parameters, could be used to estimate the sustainability of 
the systems. 

DESCRIPTION OF SYSTEM ALTERNATIVES AND NUTRIENT MASS-
FLOWS 

The settlement Bergsjön in Göteborg, Sweden, was selected for a case study. Bergsjön has been used in a 
previous study; the "Eco-Guide" project (Malmqvist et al., 1995), where the existing sewerage system and 
two alternatives have been evaluated by means of Life Cycle Assessment (Tillman et al., 1996) and an 
Environmental Impact Assessment approach (Stenberg et al., 1996). In the present study, the system 
alternatives and data from the "Eco-Guide" project have been used. 

Bergsjön has 14000 inhabitants, where the main part of the people live in high-rise buildings. The existing 
system (alternative 0) contains a sewer system, where the sewage is transported to the Ryaverket sewage 
treatment plant. Ryaverket serves a large part of the Gothenburg region, including 550,000 connected 
persons, industries and stormwater from parts of Gothenburg with combined sewers. A schematic picture of 
the existing system is shown in Figure 1. Figure 1 also contains mass-flows of phosphorus and nitrogen. The 
mass-flows are based on data from Malmqvist et al., (1995). 
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Figure 1. Schematic picture of alternative 0 with nutrient flows. 

The objectives of the alternatives to the existing system were to formulate local systems, carrying out all the 
treatment in the area of Bergsjön (see Figures 2 and 3). The main difference between alternative 1 and 2, is 
that there is no need for changes of installations inside the buildings in alternative 1, and the sewer within 
the Bergsjon area can still be used. Alternative 2, on the other hand, means a totally new system, including 
new toilets with urine separation, three different pipe systems for urine, blackwater and greywater and a 
totally new transport system outside the buildings. 

In alternative 1, the treatment of sewage contains a series of processes, starting with pre-treatment (removal 
of solids in septic tanks) followed by filter beds. The filter beds are expected to remove phosphorus, organic 
matter, and even parts of the nitrogen via nitriftcation/denitrification. The treated water wil l then be 
discharged to local creeks in Bergsjön. Sludge from the pre-treatment tanks is transported by truck to a 
biogas production facility, also sited in Bergsjön. The residual product from the digester and the filter sand, 
saturated with phosphorus, are transported to farmland and used as a soil improver. In Figure 2, a schematic 
picture of alternative 1 is shown including mass-flows of phosphorus and nitrogen, based on data from 
Malmqvist et al. (1995). 
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Figure 2. Schematic picture of alternative 1 with nutrient flows. 
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In alternative 2, the household sewage is handled in three fractions; urine, blackwater (faeces, flush water 
and toilet paper) and greywater. Urine and blackwater are separated by means of source-separation toilets. 
Small amounts of flush water are used for both the toilet fractions, around 0.21 per flush. For further 
transportation, the urine is led by gravity to underground tanks nearby the houses. The urine is then 
transported with trucks to agriculture for use as a fertilizer. Blackwater is led in a low-flush vacuum system 
to storage tanks nearby the buildings, for further transport by trucks to a biogas production facility. 
Greywater is treated in the same kind of filter bed system, as the one chosen in alternative 1. In Figure 3, a 
schematic picture of alternative 2 is shown including mass-flows of phosphorus and nitrogen, based on data 
from Malmqvist et al. (1995). The distribution of phosphorus and nitrogen in urine, blackwater and 
greywater is based on Swedish Environmental Protection Agency (1995). It is also assumed that there is no 
loss of nitrogen via ammonia gas from the urine handling. 

Figure 3. Schematic picture of alternative 2 with nutrient flows. 

METHODS USED FOR EXERGY ANALYSIS 

The study includes the following calculations: 
• Exergy analysis of heat transportation in sewage 
• Analysis of the chemical exergy of organic matter, nutrients and energy of chemicals and electricity, 
needed for operation 

The activities, in the sewerage system, considered in this study are: heating of tap water, collection and 
transport of sewage, transport to storage or treatment, storage and treatment, addition of resources needed 
for the operation of the system, discharge to receiving waters and improvement and transport of residuals. 
The study considers only the operation of the sewerage system, and not the building and maintenance of the 
system or the production of resources needed (chemicals, electricity etc.). Further, the exergy due to labour 
is assumed to be negligible compared with other exergy flows. 

Exergy analysis of heat transport in sewage 

The exergy flow due to heat is treated separately because it is not directly related to the transport and 
treatment of organic matter and nutrients. Further, it is assumed that the amount of warm water that is used 
is relatively independent of which system is used and hence calculations have been performed only for one 
system. However, the results for an exergy analysis of heat in water is very dependent on the temperature 
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outside the system (Hellström, 1997). Thus, the calculations are made for two different months to illustrate 
the difference between summer and winter. 

The energy value of the sewage, due to the heat, is calculated as the temperature difference between the 
sewage and the ambient air times the heat capacity of water. The exergy is then calculated as the energy 
times the Camot factor, i.e. the difference between the water temperature and the ambient temperature 
divided by the water temperature. It should be noted that no energy or exergy is available if the ambient 
temperature is higher than the sewage temperature (Hellström, 1997). 

The exergy content in water due to heat is consumed by cooling of water, i.e. heat is transported from the 
water to the surrounding ground or into the air. A significant amount of exergy is also consumed only by 
mixing warm and cool water. To emphasise this and to show that it is the quality of energy that is consumed, 
it is assumed that the loss of energy to the surroundings due to cooling of water will be zero. Further, the 
energy effect of the equipment for heating of tap water is assumed to be 100% and it is also assumed that 
only electricity is used to heat tap water (including water used in laundries). Based on data from Bengtsson 
et al. (1981), it has been assumed that 30% of the tap water had been heated to a temperature of 60°C. It is 
also assumed that the temperature of the water leakage into the system will have a temperature equal to the 
air temperature of that month. By using the assumptions above and the data in Table 1, the temperature and 
the exergy of the sewage could be calculated. 

Table 1. Data used to calculate the exergy content of sewage due to heat 

January July Reference 
water consumption, 195 195 Malmqvist et al. 
l/pe,d (1995) 
leakage, l/pe,d 320 320 Malmqvist et al. 

(1995) 
air temperature, °C 2.5 18.2 SMHI (1990-94) 
tap water temperature, 2.4 17.9 Data provided by the 
°C Gothenburg Water 

Works 

Analysis of the chemical exergy of organic matter and nutrients 

A model for the calculations of the exergy of organic matter and nutrients is shown in Figure 4. 

In the model, in Figure 4, the input to the sewerage system consists of the exergy of the substances in the 
sewage from the households and the exergy of additional inflows, necessary for the operation of the system 
and transport of sewage and residuals. The output consists of the discharge to the receiving water, named 
losses in Figure 4, and useful residuals like sludge, biogas etc. It should be noted that it is only the exergy in 
the flows themselves that is considered. 

The flows considered in this analysis are those that are related to management and treatment of organic 
matter, nitrogen and phosphorus. Other nutrients, presence of hazardous compounds as well as other 
parameters influencing the water quality are not considered in this analysis. These parameters are important 
for sustainability but will be almost negligible in an exergy analysis. The effect of, for example presence of 
heavy metals in sludge, is probably not well estimated by using the exergy analysis (Hellström, 1997), e.g. 
the toxicity could not be measured using only exergy analysis. 

Organic matter, nutrients as well as chemicals used in the treatment process are regarded as different 
chemical compounds. The exergy of a chemical compound is the amount of energy that will be released 
when the compounds react and the products go to equilibrium with the surroundings. This means that the 
exergy for a chemical compound is determined in the same way as Gibb's free energy, with the difference 
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that the exergy is related to ambient conditions and Gibb's energy is related to standard conditions 
(Hellström, 1997). 

RESOURCES 
N E E D E D FOR 
OPERATION 
Chemicals, 
Electricity etc 

UTILIZATION 
Transport to 
agriculture etc. 

S E W A G E 
Organic matters 
Nutrients 

S E W E R A G E S Y S T E M 
(including treatment and 
transport of residuals) 

R E S I D U A L S 
Sludge, biogas etc 

L O S S E S 
Discharge to 
recipient 

Figure 4. The model used for the exergy analysis of sewage treatment and handling of residuals. 

Tai et al. (1986) have shown that the standard chemical exergy for organic matter corresponds to the 
theoretical oxygen demand (13.6 kJ/g ThOD). Bothe COD and BOD are related to the Theoretical Oxygen 
Demand (ThOD) and could be used to estimate the total exergy flow due to organic matter. However not all 
organic matter is easily biodegradable and BOD wil l give an estimation of the amount of technically 
available exergy (Hellström, 1997). BOD 7 has hence been used in this study. 

To simplify the calculation of the exergy of nutrients, it is assumed that all nitrogen exists as ammonium and 
all phosphorus as phosphate (HP0 4

2 "). The standard chemical exergy for ammonium is 322.1 kJ/mole and 
for (HP0 4

2 ") 134.1 kJ/mole (Szargut et al., 1988). The standard chemical exergy for other compounds, such 
as precipitants, has also been collected from Szargut et al. (1988). 

Concerning electricity, fossil fuel and methane gas it should be mentioned that for those flows the input of 
exergy and energy wi l l be equal because of the high quality of the used energy (Holmberg, 1995). 

Figure 5. The calculated amount of exergy needed to heat tap-water with electricity and the exergy content in the 

heated water after different degrees of dilution with cold water. It should be noted that it has been assumed that 
energy losses are zero. Calculations based on data from Bergsjön 
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Figure 6. Exergy (kJ/person, day) of sewage treatment and handling of residuals 

RESULTS 

Exergy analysis of heat transport 

Figure 5 shows that a large amount is consumed when heating water with electricity. However, the losses of 
exergy due to mixing of warm and cool water are significant compared with the exergy flows related to the 
handling and treatment of organic matter and nutrients (see Figure 6). 
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Exergy analysis of organic matter and nutrients 

The results of the exergy analysis of organic matter and nutrients are presented in Figure 6. 

There are several ways to compare the system efficiency of the various alternatives, using the results from 
Figure 6. In Figure 7 parameters Operation and Total consumption are presented. 

Operation deals with the consumption of resources for operation and transport and is calculated as the sum 
of the exergy of operational resources and exergy needed for the transport of residuals to agriculture. In 
Total consumption, all exergy use has been seen as consumption, except for the useful residuals produced. 
Total consumption is calculated as the sum of exergy in: incoming sewage, operational resources and 
transport of residuals to agriculture minus the exergy in the residuals. 
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Figure 7. The total exergy consumption and the exergy of operational resources 
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Figure 8. The potential for phosphorus and nitrogen recycling for the various systems 
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Alternative 2 is the most advantageous system, looking at the exergy of operational resources. The main 
reason for this is the lower use of electricity. Alternative 2 has also the lowest total consumption of exergy. 
The main reasons for much higher total consumption in the two other systems, is the large electricity 
consumption in alternative 0 and the relatively ineffective utilization of organic matter in alternative 1. 

As mentioned before, one of the most important aspects of the sewerage systems concerns nutrients 
recycling. The system efficiency of nutrients recycling can be further discussed, when the exergy parameters 
are compared with the degree of phosphorus and nitrogen recycling (Figure 8). 

Figure 8 shows a great potential for phosphorus recycling for all the systems, but this is just the ideal image. 
The sewage sludge is not used to a large degree today, despite the high content of phosphorus. There is 
concern over the quality of, and health risks related to, the use of sewage sludge. In the sewer system, urine 
and faeces are mixed with greywater, stormwater and industrial discharges, and wil l inevitably be polluted 
by heavy metals and toxic organic substances. The quality of the residuals may probably be improved i f 
either alternative 1 or 2 is implemented. But there are still a lot of unknown aspects about the systems in 
alternative 1 and 2. The knowledge about the health risks of, for example, the use of human urine as a 
fertilizer is today insufficient. 

When comparing exergy parameters and nutrients recycling, one can see that alternative 2 is effective. 
Alternative 2 is the only alternative where nitrogen is seen as a resource. The effort in alternative 0 and 1 is 
to protect the receiving water from nitrogen discharge. The strategy has been to denitrify the nitrogen. 

DISCUSSION 

A combination of exergy analysis in order to estimate the use of physical resources and an analysis of the 
potential to utilise the nutrients from a sewerage system in agriculture could be helpful tools when 
discussing the sustainability for different systems. However, it should be emphasised that a low consumption 
of physical resources and a high degree of circulation of nutrients are not the only criteria that should be met 
in order to achieve a sustainable sanitary system. 

The use of limited resources, such as phosphorus ores, needs special attention when discussing 
sustainability. However, an exergy analysis gives little information about the management of phosphorus 
within a system. Thus, a special study of phosphorus flows is necessary. By comparing the results from 
material balances and exergy analysis, a more detailed picture of the sustainability can be achieved. 

The exergy analysis shows that the largest input of exergy to a sewerage system, during operation, is due to 
the heating of tap-water. It should be noted that the calculated exergy is underestimated because the energy 
losses to the surrounding air and ground are not included. However, the considerable amount of exergy 
consumed when heating tap water could be reduced i f an energy source with a lower quality, such as district 
heating, is used instead of electricity. 

Considering the flows related to the handling of organic matter and nutrients it is obvious that the flows due 
to organic matter dominate. It is also shown that the possibilities to recover some of the exergy as methane 
gas wil l have a strong influence on the total exergy consumption needed for operation. Comparing the flow 
due to nutrients it is obvious that the flow due to phosphorus is almost insignificant, but the flow due to 
nitrogen has a significant impact on the result. This reflects the statement that one important reason to 
recycle nitrogen is the amount of exergy needed to produce nitrogen fertilizer. 

In this study only the direct inflow of exergy due to electricity and chemicals has been considered. I f the 
total amount of exergy needed to operate a sewerage system should be estimated, the production of 
electricity and chemicals should also be analysed. However, the result of such analyses wil l be very 
dependent on how those products are produced. 
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The present study shows that local treatment of sewage, within a settlement of a town, could be an 
interesting alternative to large-scale sewerage systems. Especially, a system with separate handling of three 
fractions of sewage; urine, blackwater and greywater is a comparatively good concept. The system is exergy 
effective and there is a great potential of phosphorus and nitrogen recycling. The separation systems are 
however not yet fully evaluated. The system has only yet been tested in small-scale systems, and the effects 
of the use of human urine as a fertilizer are not yet fully evaluated. 

CONCLUSIONS 

The study shows that the hypothetical calculated exergy consumption during operation will be lower in a 
system with local treatment and urine separation toilets compared with a conventional alternative. The 
amount of phosphorus that could be recycled is the same for the studied alternatives, but the amount of 
nitrogen that could be recycled is considerably higher for systems with urine separation techniques. 
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Abstract 
There is an increasing demand for more sustainable sewerage systems. An important 
tool in the analysis of the sustainability of a sewerage system is exergy analysis. It is 
possible, by using an exergy analysis, to estimate the consumption of physical 
resources. In the present study, five different sewerage systems have been analysed; a 
conventional system with and without biological nitrogen removal, a conventional 
system in combination with source separation of urine and local systems with 
different solutions of source separation. The influence of factors such as the 
magnitude of the system, the access to farmland and the concentration of the collected 
urine are studied for the different systems. The study shows that urine separation 
technology could be an interesting alternative to conventional wastewater treatment 
systems. However, it is necessary that the organic matter is handled properly. Further, 
a significant part of the exergy consumption in a urine separation is due to the 
transport and spreading of urine. 

Keywords 

exergy analysis, local treatment, nitrogen, phosphorus, sustainability, urine separation. 

Background 
There is an increasing demand for more sustainable sewerage systems, but the criteria 
needed to characterise such a system are not fully developed. Firstly, there is a need to 
define the term sustainable systems. One definition of sustainable development is that 
it is a development that "meets the needs of the present generations without 
compromising the ability of future generations to meet their own needs" (WCED, 
1987). However, such a definition is unquantifiable and unverifiable (Ayres, 1996). 
Thus, different quantifiable criteria have been suggested (Ayres, 1996; Azar et al, 
1996; Holmberg, 1995; Rennings and Wiggering, 1997) as well as a sustainable 
process index (Narodoslawsky and Krotscheck, 1995; Moser 1996). The suggested 
criteria show that several aspects should be taken into consideration in order to 
achieve a sustainable development. However, central criteria for a sustainable 
development are: efficient use of physical resources and limited use of non-renewable 
resources. Hence, the study of how efficiently physical resources are used in a 
sewerage system is of importance when discussing the sustainability of such a system. 

Several studies, comparing the use of physical resources for various sewage treatment 
system alternatives, have been performed. Ødegaard (1995) compared the cost-
efficiency for different treatment processes in a conventional wastewater treatment 
plant. Similar calculations have also been performed by Karlsson (1996) and by van 
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Loosdrecht (1997), who compared the environmental impact and energy efficiency for 
different treatment processes. Gujer (1996) compared the use of different resources 
such as water consumption, electricity and chemicals as well as other parameters such 
as the possibilities for recycling of nutrients and public acceptance for four different 
sanitation strategies (including concepts based on urine separation). In the ECO-
GUIDE project (Malmqvist et al, 1995) three theoretical system alternatives, 
including an alternative based on urine separation and local treatment, were compared 
by using Environmental Impact Assessment (Stenberg et al., 1996) and Life Cycle 
Assessment (Tillman et al, 1996). The simulation tool ORWARE, which estimates 
the environmental impact by calculating emissions to air, water and land as well as 
calculating the use of different physical resources, has been used for analysis of 
several system alternatives for handling of organic waste (Nybrant et al, 1996). The 
analyses performed by ORWARE also included alternatives based on urine 
separation. 

The result of the analysis wi l l be highly dependent on how different resources are 
valued. In the studies mentioned above the impact of using different physical 
resources are often related to the energy content of a certain flow of substances or the 
energy needed to produce a certain flow. However, this makes a comparison between 
different flows difficult, because different kinds of energy have different qualities. 
This is due to the indestructibility of energy, which means that energy is conserved in 
every process. Energy can only be converted into different forms. The conversion of 
energy in a process occurs by the consumption of the quality of the energy. Thus, 
energy could be regarded as a carrier of quality, and it is this quality that is consumed 
during the conversion of energy (Wall, 1977). The quality of a flow of energy could 
be defined as the useful part of the energy, i.e. that part that can perform mechanical 
work. The term for this part of the energy is exergy, which is strictly defined as that 
part of the energy that is convertible into all other forms of energy (Wall, 1977). Thus, 
using the concept of exergy to estimate the consumption of physical resources will 
probably improve the quality of the analysis performed by different methods. 

Objectives and scope 
The aim of the study is to compare conventional treatment systems with different 
systems using urine separation toilets. The comparison has been done by using exergy 
analysis. This is done to achieve a measurement that, together with other parameters, 
could be used to estimate the sustainability of the systems. Another aim of the study is 
to study the influence of the magnitude of the system, the access to farmland and the 
concentration of the collected urine. This comparison wil l focus on larger 
management and treatment systems (i.e. more than 10 000 people connected). 

Description of system alternatives 
This study is focused on system with more than 10 000 people connected. The reason 
for this is that the exergy consumption for operation of conventional wastewater 
treatment plants (WWTP) is relatively constant for plants with more than 10 000 
people connected, whereas an increase in electricity has been reported for WWTP 
with more than 10 000 people connected (Balmér & Mattsson, 1993). In addition, the 
exergy needed to transport urine for smaller systems will be relatively small. Thus, i f 
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the results indicated that a urine separation system could be an interesting alternative 
for larger systems, it could be concluded that it probably is a suitable alternative for 
small scale systems. 

The system alternatives concerned in this project are: 
• System with conventional collection and treatment of domestic wastewater, but 

without biological nitrogen removal (BNR). The treatment includes biological and 
chemical treatment of wastewater and dewatering and anaerobic digestion of 
sludge from the wastewater treatment process. This system has been the most 
common system in Sweden until now and many reliable data from such systems are 
available. However, larger plants in southern coastal areas have been, or will be, 
rebuilt to achieve biological nitrogen removal (BNR). 

• System with conventional collection and treatment of domestic wastewater 
including processes for nitrogen removal. This altemative is interesting because it 
wil l result in about the same amount of nutrients discharged to the recipient as a 
system with urine separation. 

A G R I C U L T U R E 

Figure la. Schematic picture of a conventional treatment system. (F = faeces, U = urine, 
G=greywater, S = sludge, B = Biosolids, W = treated wastewater, CH4=methane gas). 

• System with urine separation and conventional treatment of the remaining 
fractions in the domestic wastewater. This solution will reduce the content of 
nitrogen in wastewater to at least the same extent as conventional BNR-processes. 
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Figure lb. Schematic picture of a conventional treatment system with urine separation. 
(F=faeces, U = urine, G = greywater, S = sludge, B = Biosolids, W = treated wastewater, 
CH4=methane gas). 

• System with urine separation and local treatment of the remaining fractions in the 
domestic wastewater. The wastewater could be treated by septic tanks followed by 
infiltration, constructed wetlands or ponds (depending on the local situation). 

Figure lc. Schematic picture of a local treatment system with source separation of urine. (F 
= faeces, U = urine, G = greywater, S = sludge, B = Biosolids, W = treated wastewater, 
CKU=methane gas). 

• System with separation of urine and blackwater (faeces, flush water and toilet 
paper) into different fractions and local treatment of the remaining wastewater 
(i.e. "greywater"). Urine and blackwater are separated by means of source-
separation toilets. For further transportation, the urine is led by gravity to 
underground tanks near the houses. The urine is then transported by truck to farms 
for use as a fertiliser. Blackwater is led in a low-flush vacuum system to storage 
tanks near the buildings, for further transport by truck to a methane gas production 
facility. Greywater could be treated by using infiltration, filter bed systems, 
constructed wetlands, ponds or aquaculture. However, the chosen method will be 
very dependent on the local situation. 
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Figure Id. Schematic picture of a local treatment system with source separation of urine and 
faeces. (F = faeces, U = urine, G = greywater, S = sludge, B = Biosolids, W = treated 
wastewater, CH4 =methane gas). 

The removal of organic matter and phosphorus are assumed to be equal for all systems 
(Table 1). The assumed removal efficiency for nitrogen will be equal for all systems 
except conventional treatment systems without biological nitrogen removal (WWTP). 

Table 1. Assumed removal efficiency for the different systems in this analysis. 

Organic 
matter 

Nitrogen Phosphorus 

Conventional system without BNR > 9 0 % 25-35 % >90% 

Conventional system with BNR > 9 0 % 50-80 % > 9 0 % 

Conventional system with urine 
separation 

>90 % 80-90 % > 9 0 % 

Local treatment and source separation >90% 80-90 % > 9 0 % 

Local treatment and urine separation > 9 0 % 80-90 % >90% 

In this analysis it assumed that the different suggested systems could achieve the same 
degree of recycling of phosphorous. However, this is an assumption that could be 
further discussed. Firstly, there is concern over the quality of, and health risks related 
to, the use of biosolids from conventional treatment systems. Secondly, the plant 
availability of phosphorus in different biosolids has been discussed (Kvarnström, 
1997; Kyle & McClintock, 1995). Further, the potential to recycle phosphorus by 
using filter media (e.g. material used in infiltration systems or constructed wetlands) 
has not been thoroughly investigated. 

Methods used for exergy analysis 
The flows considered in this analysis are those that are related to management and 
treatment of organic matter and nutrients. Thus, exergy flow due to the heat of water 
and wastewater is not included in the calculations, but has been discussed elsewhere 
(Hellström 1997; Hellström and Kärrman 1997). The study considers only the 
operation of the sewerage system, and not the building and maintenance of the system. 
Further, the analysis only includes the exergy content in the different resources 
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(chemicals, electricity, etc.) themselves. Hence, the exergy consumed to produce those 
resources are not taken into account in this analysis. 

The system of interest in this study is the sewerage system including collection and 
transport of sewage from households to treatment units, operation of treatment units, 
transport of residuals to farmland and the application of urine on farmland (Figure 2). 
The input to the sewerage system consists of the exergy of the substances in the 
sewage from the households and the exergy of additional inflows needed for the 
operation of the system (including transport of sewage and residuals). The output 
consists of the discharge to the receiving water, named losses in Figure 2, and useful 
residuals like nutrients and methane gas. 

OPERATION OF 
TREATMENT UNIT 
(Including transport of 
wastewater and sludge) 

Chemicals, Electricity etc 

SEWAGE 
Organic 
matter, 

Nutrients 

TRANSPORT OF 
RESIDUALS 

Fuel 

SEWERAGE SYSTEM 
(including treatment and 
transport of residuals) 

LOSSES 
Discharge to 

recipient 

RESIDUALS 
Biosolids, Urine, 
methane gas, etc 

Figure 2. The model used for the exergy analysis of organic matters and nutrients 

Substances in the sewage. Organic matter, nutrients as well as chemicals used in the 
treatment process are regarded as different chemical compounds and the exergy for 
those species can be calculated by: 

E = n j u ° - ß l + R x T 0 x l n - (1) 

where E = the exergy of the species, J 
n = number of moles 

M° 
= the chemical potential for the species related to its standard condition, J/mole 

ßl 
= the chemical potential for the species in the ambient condition, J/mole 

R = 8.3143, J/mole, K 
T 

0 
= ambient temperature, K 

c = concentration of the species, mole/1 

Co = concentration of the species in the environment, mole/1 

6 



The dilution of the chemical compounds should be taken into account, according to 
equation (1). However, for the exergy flows considered in this analysis the loss of 
exergy due to dilution is relatively small compared to the chemical exergy content of 
the compound itself (Hellström, 1997). Thus, the standard chemical exergy for the 
different compounds could be used in this study (Table 2). The main part of the 
exergy content of nutrients in untreated wastewater is due to the content of nitrogen 
compounds. In this analysis the exergy content due to phosphorus has also been 
regarded. Further, it is assumed that all nitrogen in sewage and residuals exists as 
ammonium and all phosphorus as phosphate. 

Table 2. The standard chemical exergy of different chemical compounds and the relation 

H exergy value 

chemicals used in 445 kJ/mole A1C13 (1) 
wastewater treatment 200 kJ/mole A1 2 0 3 (1) 
process 530 kJ/mole A12(S04)3 (1) 

HOkJ/mole CaO (1) 
198 kJ/mole FeCl2 (1) 
230 kJ/mole FeCl3 (1) 
173 kJ/mole FeS0 4 (1) 
511 kJ/mole Fe 2(S0 4) 3 (2) 
15.2 kJ/g polymer (2) 

electricity 1 kJ exergy/kJ energy (3) 
fuel 1 kJ exergy/kJ energy (3) 
methane gas 831.6 kJ/mole (1) 
Nitrogen 322.1 kJ/moleNH 4-N (1) 
Organic matter 13.6 kJ/g COD (4) 
Phosphorus 134.1 kJ/mole HP0 4

2" (1) 
(1) data from (Szargut et al, 1988) 
(2) calculated by using data from (Szargut et al., 
(3) data from (Holmberg, 1995) 
(4) Tai et al. (1986), Hellström (1997) 

1988) 

The amount of organic matter and nutrients generated per person and day is presented 
in Table 3 as well as the assumed distribution between different fractions. 

Table 3. Assumed distribution of organic matter and nutrients in sewage and estimated 
amounts generated per person and day based on data from Swedish Environmental Protection 
Agency (1995a, 1995b). = = ^ ^ = _ _ ^ _ _ ^ ^ ^ „ 

g/person, day greywater, % Urine, % Feaces, % Blackwater, % 

COD 165 50 50 
BOD 66.1 50 50 
Tot-P 2.2 28 48 24 
Tot-N 13.3 7 82 11 

Pumping of wastewater. Based on data from Malmqvist et al. (1995), it is assumed 
that about 0.12 MJ electricity /person, day is used for pumping wastewater at the local 
treatment alternative and about 0.15 MJ/person, day for pumping to a central WWTP. 
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The use of electricity depends on the local situation and the number of people 
connected (e.g. the average distance to the central WWTP will increase with number 
of people connected). However, in this study it has been assumed that those 
differences are of minor importance. Further, the electricity needed to operate the 
vacuum system is negligible (Tillman et. al, 1996). Thus, in this study only the 
difference between the local and the central alternative is considered. 

Chemicals used in the wastewater treatment process. The use of chemicals as well as 
the amount of methane produced at conventional treatment plants have been estimated 
by collecting data from 16 larger Swedish treatment plants during 1994 and 1995. The 
most commonly used precipitants at those treatment plants are different kind of ferric 
and ferrous salts. Four plants also use some amounts of precipitants based on 
aluminium-salts. Only one plant, of the 16 plants included in this study, uses 
aluminium salt as the only precipitant in the treatment process. The median exergy 
content in chemicals for those plants, including polymers but no external carbon, is 
0.025 MJ/person. As a comparison, by using data from Ødegaard & Karlsson (1994), 
the exergy consumption for production and transport of the chemicals could be 
estimated to be of the same magnitude as the exergy content of the chemicals 
themselves. Further, it is assumed that the amount of chemicals could be reduced by 
20 % i f urine separation toilets are used. 

Of the 16 plants studied, two plants achieved 50-60 % nitrogen removal and three 
plants 70-90 % nitrogen removal. Only two plants used significant amounts of an 
external carbon source. I f 70 % of all nitrogen is to be denitrified by an external 
carbon source the theoretical exergy demand wil l be about (assuming 1.08 mole 
methanol/mole nitratereduced) 0.50 MJ/person, day. Thus, a significant contribution of 
external carbon source will greatly influence the result of the exergy comparison. 

It is assumed that the major part of the phosphorus removal in local treatment could 
be achieved by sorption to a filter media in a soil based treatment unit (e.g. 
constructed wetland or rapid-infiltration system). The reported adsorption capacities 
for different media have been used to estimate the amount of chemical needed for the 
local treatment. As shown in Table 4, the phosphorus adsorption capacity and the 
exergy content will vary significantly for different filter media. Further, the correlation 
between the exergy content and phosphorus removal capacity is low. As has been 
pointed out by several authors the removal of phosphorus is dependent on the content 
of iron, aluminium and calcium compounds of the filter media (Johansson, 1996 and 
Geller, 1997). Data presented in Table 4 have been collected from short term 
laboratory tests. However, several factors such as kind of filter material, wastewater 
characteristics and redox potential will influence the capacity of the filter media in 
treatment plants (Geller, 1997). In addition, the overall phosphorus removal shows 
large variation between different treatment plants (Aaltonen and Andersson, 1996). 
Thus, it is difficult to estimate the input of exergy for chemical precipitation in local 
treatment alternatives. In this analysis has a value of 0.10 MJ/g Premoved has been used. 
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Table 4. Adsorption capacity of different filter media and the exergy demand to adsorb 
phosphorus. (Leca® is an abbreviation for Light Expanded Clay Aggregates, Opoka is a 
bedrock found in South-Eastern Polans consisting of about 50 % CaCQ3.)  

Filter media Norwegian Leca Swedish Leca Sand and Opoka 
* 

Density (kg/m) 

i itL ; t 
4501 4501 13001 

Adsorption capacity (kg P/m ) 4 2 0.53 1.3-1.43 

exergy content 
(kJ/kg filter media) 

7604 5424 525 

exergy demand 
(kJ/g P adsorbed) 

86 488 50 

(1) Johansson et al. (1996) 
(2) Jenssen et al. (1991) 
(3) Johansson (1996) 
(4) calculated by using data from (Szargut et al, 1988) and Johansson et al. (1996) 
(5) calculated by using data from (Szargut et al, 1988) and Johansson (1996) 

Electricity for operation of the treatment plant. The data collected from 16 treatment 
plants show no significant difference in electricity consumption between treatment 
plants with and without nitrogen removal. A similar result was also found by Balmer 
and Mattsson (1993), who could not show any significant difference in electricity 
consumption between treatment plants with and without nitrification. According to 
Balmér and Mattsson (1993) other factors, such as the performance and design of the 
equipment for aeration, seem to have a larger influence on the electricity consumption. 
By using data from Ødegaard & Karlsson (1994) and van Loosdrecht et al. (1997), the 
theoretical difference in electricity consumption has been estimated. I f only the 
nitrification is considered a value of 14-15 MJ/kg NHd-Nniufied could be used. 
However, i f some of the nitrate is used to oxidise organic matter a value of 3-5 MJ/kg 
NHj-Nnitrfied should be used. Based on the collected data from the treatment plants and 
the data found in the literature it is assumed that 475 kJ/person, day is used in WWTP 
without nitrogen removal and 525 kJ/person, day for WWTP with nitrogen removal. 
Based on data from Malmqvist et al. (1995), it is assumed that about 0.10 MJ 
electricity /person, day is used for the local treatment alternative. 

Treatment of sludge. In the local alternative, utilising the organic matter for 
production of methane, some fuel is needed for the transport of septic sludge to the 
facility for methane production and some fuel is also needed to operate the 
aforementioned facility. Based on data from Malmqvist et al. (1995) and Tillman et 
al. (1996) it is assumed that this value is about 0.08 MJ/person, day. In the local 
alternative, not utilising the organic matter, the same figure is about 3 kJ/person, day. 
The main reason for the big difference in exergy consumption for the handling of 
organic matter between the two local alternatives is not only due to the amount that 
should be handled, but also to the exergy demand for operation of the methane 
production facility. The exergy needed for treatment of sludge at the conventional 
WWTP is included in the electricity use for operation. 

Production of methane: The collected data indicate that there is a difference in gas 
production between treatment plants with and without biological nutrient removal 
(BNR). This could be explained by a decreased yield in the activated sludge process 
due to the increased mean cell residence time necessary for nitrification. Another 
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possible explanation is an increased utilisation of organic carbon for denitrification. 
For systems with local treatment, using source separation of urine and faeces it is 
assumed that 60 % of the collected organic matter is converted to methane gas. Using 
local treatment with urine separation, i.e. mixing faeces and greywater, will decrease 
the amount of methane gas that could be produced. The methane production for the 
different alternatives is shown in Table 5. 

Table 5. Exergy content of methane gas produced at the different treatment alternatives. 
Values for conventional treatment plant are based on collected data. Values for local 
treatment alternatives are based on the assumption that about 60 % of the collected organic 

Treatment altemative MJ/person, day 

Conventional treatment plant, without BNR 0.71 
Conventional treatment plant, with BNR 0.50 
Local treatment with source separation of urine and faeces 0.66 
Local treatment with source separation of urine 0.22 

The exergy content in urine and biosolids. The exergy content of biosolids is mainly 
due to its content of organic matter. Thus, the organic exergy could be considered as a 
potential for further recovering of exergy (Table 6). However, the degree of utilisation 
is normally low in most wastewater treatment systems. Thus, in this analysis only the 
exergy value of the nutrient content in urine and biosolids wil l be considered. Thus, 
the exergy value will be highly dependent on the amount of nitrogen recycled. For 
conventional treatment, about 20 % of the nitrogen will be found in the biosolids. 
Concerning the urine separation system the recycling ratio wil l depend on the 
separation efficiency. Results from Hanaeus et. al. (1997) and Jönsson et. al. (1997) 
show that the separation may vary considerably. Thus, in this analysis separation 
efficiencies of 100 % and 50 % have been tested. 

Table 6. Estimation of the exergy content of organic matter in biosolids from different 

j Treatment altemative MJ/person, day 

Conventional treatment plant, without BNR 0.73 
Conventional treatment plant, with BNR 0.65 
Local treatment with source separation of urine and faeces 0.44 
Local treatment with source separation of urine 0.22 

Transport of biosolids and urine. The transport distance is calculated by using 
statistical data about the acreage of arable land and the amount of fertiliser used in 
agriculture in Sweden (Statistics Sweden, 1993; 1996). In the analysis, the following 
simplifications have been made: 
• The arable land is evenly distributed around the cities. The average driving distance 

is about 40 % longer than the average transporting radius needed to distribute the 
urine and faeces. 

• The area of arable land is about 14-15 % of the total area in the southern part of 
Sweden. However, the arable land is not evenly distributed. Thus, the effects of 
access to arable land are investigated in this analysis. 
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• The nutrients in urine and biosolids are assumed to replace nutrients in commercial 
fertilisers. The average dosage of nitrogen and phosphorus have been used (i.e. 66 
kg N/ha and 6.8 kg P/ha respectively). 

• The amount of fuel, including empty return transport, is assumed to be 1.2 MJ/ton, 
km for both biosolids and urine (based on data from Malmqvist et al., 1995; 
Sonesson, 1996). 

The model used is similar to the approach used in the ORWARE model (Sonesson, 
1996). 

Spreading of urine and biosolids. Few reliable data concerning the energy demand for 
spreading of urine and biosolids have been found in the literature. The amount of 
exergy necessary for the spreading of urine wil l be very dependent on the technique 
used, and machinery but also on factors such as the type of soil (Godwin et al, 1990). 
The only factor varied in this model is the concentration of urea. The values used in 
this analysis (Table 7) are based on data from Nybrant et al. (1996) and Godwin et al. 
(1990). 

Table 7. The amount of exergy necessary for spreading of urine, biosolids and filter media. 

MJ/person, day 

Urine (5 g tot-N/1) 0.10 
Urine (2.5 g tot-N/1) 0.15 
Biosolids, filter media 0.025 

Results 
The magnitude of the system (i.e. the number of people connected), the dilution of 
urine, the effect of incomplete separation and the accessto arable land will influence 
the exergy demand for transport and spreading of urine and biosolids (Figure 3a and 
3b). The main part of the exergy consumption is due to the transport and spreading of 
urine. 
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Figure 3a. The exergy needed for transport and spreading of urine and phosphorus rich 
residues such as biosolids and filter media. The area of arable land is 15 % of the total area. 
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Figure 3b. The exergy needed for transport of urine with concentration of 2.5 g N/L and 
complete separation if the area of arable land is 5, 10, 20, 40 and 80 % of the total area 
respectively. 

The operation of a system includes the transport of untreated sewage, the operation of 
the treatment plant and the transport and spreading of nutrients in the residues. The 
exergy needed to operate the different systems is shown in Figure 4. 
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Figure 4. The exergy needed to operate different systems. The assumptions for the urine 
separation system are complete separation, 2.5 g N/L in urine solution and area of arable land 
is 15 % of the total area. 

The total exergy consumption is calculated as the difference between the sum of 
exergy into the system (including incoming sewage, operational resources, transport 
and spreading) and the sum of the exergy in the useful residuals (i.e. methane gas and 
nutrients). The exergy consumption for the different systems is shown in Figure 5. 

2800 

2300 

g> 2200 + 

2100 

2000 

Conventional (without 
B N R ) 

— —Conventional (with 
B N R ) 

- - - Conventional and 

urine separation 

—•- local treatment and 

source separation 

—°— local treatment and 
urine separation 

10000 100000 

magnitude of system (persons) 

1000000 

Figure 5. The total exergy consumption for the different systems. The assumptions for the 
urine separation systems are complete separation, 2.5 g N/L in urine solution and area of 
arable land is 15 % of the total area. 
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The effect of incomplete separation is shown in Figure 6 as the difference in exergy 
consumption between systems with 100 % degree of separation and 50 % degree of 
separation respectively. The exergy consumption is reduced due to a decrease in 
transport and is increased due to increased operation costs and reduced methane gas 
production and fertilisers. 
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Figure 6. The difference in exergy consumption between systems with 100 % degree of 
separation and 50 % degree of separation respectively. The figure shows the increased 
consumption due to operation and exergy content of residuals. For the conventional 
alternative, the effect of reduced gas production is shown separately. The assumptions for the 
urine separation systems are 2.5 g N/L in urine solution and area of arable land is 15 % of the 
total area. 

The most important exergy flows for the different system alternatives are shown in 
Figure 7. 

14 



800 

• local treatment and urine 
separation 

• local treatment and 
source separation 

• Conventional and urine 
separation 

• Conventional (without 
BNR) 

B Conventional (with 
BNR) 

-800 

Operation Biogas N and P in Transport Net result 

residuals and 

spreading 

Figure 7. The major exergy flows due to operation of sewer system and treatment plants, 
transport and spreading of residuals and due to the exergy content in methane gas and 
residuals. The assumptions for the urine separation systems are complete separation, 2.5 g 
N/L in urine solution and area of arable land 15 %. Systems for 100 000 persons. 

Discussion 
General. I f nitrogen removal is considered to be important, the results show that 
installation of urine separation toilets may be an interesting alternative to BNR. 
Further, the results indicate that the local treatment alternative with source separation 
of urine and faeces is the most advantageous alternative i f only the exergy 
consumption during operation is considered. However, the actual result will be very 
dependent on the possibilities to utilise the organic matter for methane production. It 
should also be remembered that the local treatment alternative is based on area-
demanding techniques such as infiltration sites or constructed wetlands. 

Transport and spreading of urine and biosolids. The exergy needed for transport is 
influenced by the driving distance and the amount of urine and biosolids to be 
transported. The necessary driving distance depends on the access to farmland as well 
as the applied load of fertilisers. The amount of residues to be transported is relative 
small for conventional treatment systems. Thus, the magnitude of the system, as well 
as the access to arable land, will only have a significant influence on the result for 
systems using urine separation. The exergy consumption in urine separation systems 
will also be highly dependent on the degree of dilution of the collected urine. Thus, to 
reduce the exergy consumption it is necessary to increase the concentration of 
nutrients in urine solution. 

Concerning the exergy needed for transport it should be remembered that the 
calculations are based on transport by truck. If other alternatives (e.g. rail or sea for 
longer transport) are used, the amount of exergy needed to transport urine may be 
reduced considerably. 
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The effect of incomplete separation. An incomplete separation of urine will result in 
an increased amount of nutrients to be transported. However, an incomplete 
separation wil l also result in an increased nutrient load on the treatment plant. For the 
conventional alternative it is possible to reduce the negative impact on the recipient by 
using BNR. This wil l result in an increased operation cost and probably also a 
decreased production of gas due to longer mean cell residence time within the 
biological treatment processes. For the local treatment altemative, a higher nitrogen 
load on the recipient could probably be avoided by using more "advanced" pumping 
or flow schedules as well as by increasing the active area for wastewater treatment. An 
increased load due to phosphorus is avoided by an increased use of filter media for 
phosphorus removal. 

Exergy analysis as a sustainable index. This analysis has focused on the exergy 
consumption during operation of different systems. The systems differ also in other 
aspects concerning sustainability such as the use of area, non-renewable resources, 
emissions as well as possibilities to recycle plant-available nutrients. Further, the 
exergy analysis could be criticised of having a limited value when discussing 
sustainability because it does not consider whether the exergy sources are renewable 
or not. However, an efficient use of physical resources is necessary for sustainable 
development and most of the non-renewable flows could be substituted by renewable 
ones. 

This study included the direct inflow of exergy due to electricity and chemicals. An 
estimation of the total amount of exergy needed to operate a sewerage system should 
also include external costs such as the production of electricity and chemicals. 
However, the results from such an analysis wil l also include the "exergy efficiency" of 
the systems connected to the sewerage system. Thus, inefficiency in surrounding 
systems will influence on the calculations and the result wil l be less dependent of the 
efficiency of the sewage treatment system itself. Including the surrounding systems 
would probably give a more holistic picture, but the risk of arbitrariness would also 
increase. 

Conclusions 
Urine separation technology may be an interesting alternative to conventional 
wastewater treatment systems. However, it is necessary that the organic matter is 
handled properly. A significant part of the exergy consumption in a urine separation is 
due to the transport and spreading of urine. Thus, the analysis indicates that the exergy 
consumption could be significantly reduced i f the volume to be transported could be 
reduced for those systems. 
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