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ABSTRACT 21 

A generalised quantitative risk assessment (QRA) is developed to assess the potential harm to 22 

human health resulting from irrigation with reclaimed water. The QRA is conducted as a backward 23 

calculation starting from a pre-defined acceptable risk level at the receptor point (defined as an 24 

annual infection risk of 10-4 for pathogens and by reference doses (RfD) for chemical hazards) and 25 

results in an estimate of the corresponding acceptable concentration levels of the given hazards in 26 

the effluent. In this way the QRA is designed to inform the level of water treatment required to 27 

achieve an acceptable risk level and help establish reclaimed water quality standards. The QRA 28 

considers the exposure of human receptors to microbial and chemical hazards in the effluent 29 

through various exposure pathways and routes depending on the specific irrigation scenario. By 30 

considering multiple pathways and routes, a number of key aspects relevant to estimating human 31 

exposure to recycled water can be accounted for, including irrigation and crop handling practices 32 

(e.g., non-edible vs edible, spray vs. drip, withholding time) and volumes consumed (directly vs 33 

indirectly). The QRA relies on a large number of inputs, many of which were found to be highly 34 

uncertain. A possibilistic approach, based on fuzzy set theory, was used to propagate the uncertain 35 

input values through the QRA model to estimate the possible range of hazard concentrations that 36 

are deemed acceptable/safe for reclaimed water irrigation. Two scenarios were considered: amenity 37 

irrigation and irrigation of ready-to-eat food crops, and calculations were carried out for six example 38 

hazards (norovirus, Cryptosporidium, cadmium, lead, PCB118 and naphthalene) and using UK-39 

specific input values. The human health risks associated with using reclaimed water for amenity 40 

irrigation were overall deemed low, i.e. the calculated acceptable concentration levels for most of 41 

the selected hazards were generally far greater than levels typically measured in effluent from 42 

wastewater treatment plants; however the predicted acceptable concentration levels for norovirus 43 

and Cryptosporidium suggested that disinfection by UV may be required before use. It was found 44 

that stricter concentration standards were required for hazards that are more strongly bound to soil 45 

and/or are more toxic/infectious. It was also found that measures that reduce the amount of 46 



3 
 

effluent directly ingested by the receptor would significantly reduce the risks (by up to 2 orders of 47 

magnitude for the two pathogens). The results for the food crop irrigation scenario showed that 48 

stricter concentration standards are required to ensure the effluent is safe to use. For pathogens, 49 

the dominant exposure route was found to be ingestion of effluent captured on the surface of the 50 

crops indicating that risks could be significantly reduced by restricting irrigation to the non-edible 51 

parts of the crop. The results also showed that the exposure to some organic compounds and heavy 52 

metals through plant uptake and attached soil particles could be high and possibly pose 53 

unacceptable risk to human health. For both scenarios, we show that the predicted acceptable 54 

concentration levels are associated with large uncertainty and discuss the implications this has for 55 

defining quality standards and how the uncertainty can be reduced. 56 

 57 

Keywords: reclaimed water, risk assessment, fuzzy, uncertainty, wastewater treatment, irrigation  58 
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1. Introduction 59 

Wastewater reclamation has been practiced for many years across the world, particularly in arid 60 

regions, where there is a strong incentive to preserve and use water resources more effectively. 61 

Within the EU, wastewater reclamation is mainly practiced in Mediterranean countries, notably 62 

Spain, Italy, Greece and France (BIO by Deloitte, 2015). However, there is an increasing interest in 63 

wastewater reclamation, even in countries like the UK/Scotland which historically have been known 64 

for an abundant water supply (Becerra-Castro et al., 2015; Bixio et al., 2006). This is due to water 65 

resources coming under increasing stress, especially in areas with intense agriculture. Furthermore, 66 

it is now widely accepted that global climate changes will exacerbate water shortages and lead to an 67 

increasingly unpredictable supply (BIO by Deloitte, 2015; EU, 2007).  68 

Wastewater reclamation has potential to conserve freshwater resources by reducing 69 

abstraction for irrigation and the amount of drinking water used for non-potable purposes. 70 

Reclamation can also reduce energy requirements and costs for wastewater treatment and provide 71 

an opportunity to recover valuable nutrients (Toze, 2006). Despite these benefits, reuse of treated 72 

wastewater has seen limited development across the EU. Wastewater reclamation can be faced with 73 

many barriers; examples include lack of public support, costs, technical and practical 74 

implementation challenges, concerns over trade barriers on agricultural goods from land irrigated 75 

with treated effluent, and/or inadequate water pricing with costs of conventional water resources 76 

often not reflecting their actual costs due to subsidies, limiting the economic incentive for users of 77 

reclaimed water (BIO by Deloitte, 2015). A major barrier to effluent reuse is the potential and 78 

perceived risk to human health and the environment. To mitigate this, many of the countries where 79 

wastewater reclamation is widespread, have national guidelines and standards in place. Examples 80 

include the US (notably California), Singapore, Australia, Israel, Japan, and the Mediterranean region 81 

(Becerra-Castro et al., 2015; BIO by Deloitte, 2015; Kellis et al., 2013). Standards typically specify the 82 

types of wastewater, permitted and prohibited reuse categories, required water quality standards, 83 
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monitoring, requirements to reliability of treatment facilities, and recommendations for application 84 

control or other risk management measures.  85 

In northern Europe, there are currently no regulatory guidelines or water quality standards 86 

directly related to reclaimed water. The reuse of treated urban wastewater is also not directly 87 

regulated by EU legislation, although there are several water-related directives establishing quality 88 

standards and legal restrictions for certain applications and/or environmental receptors. EU 89 

Directives with implications for effluent reuse include the Groundwater Directive (2006/118/EC), 90 

Bathing Water Directive (2006/7/EC), Environmental Quality Standards Directive (2008/105/EC), 91 

Nitrate Directive (91/676/EEC), Urban Waste Water Treatment Directive (98/15/EEC), and the 92 

Sewage Sludge Directive (86/278/EEC) (BIO by Deloitte, 2015).  93 

Wastewater reclamation presents a significant opportunity to enhance sustainable water 94 

management in temperate countries. To promote and increase interest in reclaimed water use, 95 

there is a need to develop national guidelines that can be used consistently to ensure that human 96 

health and environmental risks associated with water reuse are at an acceptable level. This paper 97 

aims to support the development of such guidelines. Although many of the guidelines in place in 98 

other countries are said to be ‘risk-based’ and hence serve as a useful foundation for the work here, 99 

their derivation is often unclear; e.g. how water quality parameters have been chosen and how 100 

associated limit values have been derived for the different end uses considered. Existing guidelines 101 

for reclaimed water and past risk assessment studies have predominantly addressed risks associated 102 

with microbial hazards, while chemical hazards have been considered to a much lesser extent 103 

(Weber et al., 2006). Here we present a generalised quantitative risk assessment (QRA), which can 104 

be used to determine the potential for harm to human health resulting from the reuse of treated 105 

effluent and to help establish reclaimed water quality standards. The focus is on the risks associated 106 

with the intentional reuse of effluent (here defined as the treated final effluent from 107 

municipal/urban wastewater treatment plants) for irrigation, since this is one of the most important 108 

and widely adopted reuse applications. The main objective is therefore to develop a generalised 109 
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exposure model for both microbial and chemical hazards associated with irrigation using reclaimed 110 

water. By conducting the exposure modelling as a backward calculation starting from a pre-defined 111 

acceptable risk level at the receptor point (defined as an annual infection risk of 10-4 for pathogens 112 

and by reference doses for chemical hazards), the corresponding acceptable concentrations of the 113 

respective hazards in the effluent can be estimated. In this way the modelling is designed to inform 114 

the level of water treatment required to achieve an acceptable risk level and help establish 115 

reclaimed water quality standards. While the assessment here relates to irrigation with effluent in a 116 

Scottish/UK context, the methodology can be applied to other end-use scenarios, locations, and for 117 

other types of wastewater, giving these results wider applicability. 118 

QRA models are typically based on various simplifying assumptions and rely on inputs that 119 

may not be well characterised, therefore, considerable uncertainty is associated with risk estimates. 120 

If stakeholder and consumer confidence is to be enhanced, the risks and the associated uncertainty 121 

need to be assessed. Different approaches exist for this. A commonly applied approach is to assign 122 

probability distributions to uncertain input parameters and use Monte Carlo simulation to propagate 123 

the uncertainties through the QRA model (e.g., Hamilton et al., 2006). Here we propose to 124 

propagate uncertainty using a possibilistic approach based on fuzzy set theory (Zadeh, 1965), 125 

because for situations where human health is at stake, the mere possibility that an outcome will 126 

occur is important in the decision-making process.  127 

 128 

2. Quantitative Risk Assessment methodology 129 

The aim of the Quantitative Risk Assessment (QRA) is to estimate how strict water quality 130 

parameters need to be in the treated effluent for it to be considered acceptable for different 131 

irrigation purposes. The QRA is based on a standard source-pathway-receptor principle (Figure 1). 132 

The source is the final effluent containing certain levels of hazardous residuals depending on the 133 

degree of treatment that the wastewater has undergone, while the receptor is a human being. The 134 

pathway is the means by which hazards get from the source to the receptor and therefore depends 135 
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on the specific effluent end-use. We consider here the use of final effluent for irrigation purposes, 136 

specifically for amenity irrigation and food crop irrigation, respectively. A human receptor may be 137 

exposed to hazards in the final effluent through various exposure pathways and routes depending 138 

on the specific irrigation scenario. We consider the following exposure scenarios from land irrigated 139 

with treated effluent (Fig. 1): i) inadvertent ingestion of soil and effluent; ii) direct dermal contact 140 

with soil (and effluent); and iii) ingestion of crops. Inhalation of volatile contaminants and aerosols 141 

generated during the irrigation process is assumed negligible compared to the other pathways 142 

(Hardy et al., 2006).  143 

 144 

FIGURE 1 145 

 146 

This QRA follows the ‘classical’ three stage model (EPHC et al., 2006): hazard identification (section 147 

2.1), exposure assessment (section 2.2), and toxicity assessment (section 2.3). Typically the risk is 148 

then assessed by calculating the Risk Quotient (RQ), which is the ratio of the exposure (Dtot) and the 149 

appropriate reference dose (Daccept):  150 

 151 

   
    

       
      (1) 152 

 153 

To demonstrate an acceptable risk to human health, Dtot should be less than Daccept, i.e. RQ<1. The 154 

total daily dose Dtot (e.g., mg day-1) of a specific hazard to a given receptor depends on the specific 155 

exposure routes considered. A generic expression is given as:  156 

 157 

         
 

  

       
 

  

                                          

 158 



8 
 

where   
  is the daily dose of the specific hazard through exposure route z (e.g., ingestion or dermal 159 

uptake) via exposure medium m (e.g., soil, water, air, food); Cm is the concentration of the specific 160 

agent in the exposure medium (e.g., mg kg-1); and   
  is the daily intake rate of the exposure media 161 

via route z (e.g., kg day-1). For chemicals it is common to average   
  over body weight (BW; kg) and 162 

a fractional exposure time for the specific route z (Fz) to give an Average Daily Dose (ADD; mg kg-1 163 

day-1) (USEPA, 2011), i.e.     
    

      . 164 

The concentration in the exposure medium Cm is a function of the solute concentration in 165 

the effluent C0. As will be shown in section 2.2, we are here assuming a linear relationship between 166 

Cm and C0, i.e.: 167 

 168 

                                                                                 

 169 

where Pm can be seen as a hazard-specific partitioning coefficient between media m and the effluent 170 

at equilibrium.  171 

Because we are interested in informing decision-makers in developing standards for 172 

reclaimed water, the exposure and risk calculations are here reversed, i.e. the calculations start from 173 

a predefined acceptable risk level at the receptor Daccept to determine the corresponding acceptable 174 

concentration levels of the given hazards in the final effluent, Caccept. This is done by combining and 175 

reordering Eq. 1-3 and setting RQ=1: 176 

 177 

        
       

      
 

  
                                                               

 178 

Using Eq.4 it is possible to inform the level of water treatment required to achieve an acceptable 179 

level of risk.  180 

 181 

2.1 Hazard identification 182 
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A vast number of potential hazards may be present in treated effluent at a range of concentration 183 

levels depending on the type and size of the wastewater catchment and the degree of treatment. A 184 

good understanding and characterisation of the source water is therefore important, as this can 185 

narrow down the number of potentially harmful hazards to focus on in a specific risk assessment. 186 

While hazard identification is a critical step in risk assessments, our focus is here on developing a 187 

generalised QRA approach, which can be applied to a broad range of hazards, and to demonstrate 188 

this approach on a number of selected hazards. A comprehensive hazard identification is therefore 189 

beyond the scope of this paper. For the QRA, we focus here on three groups of hazards: pathogenic 190 

microbial hazards, persistent organic contaminants, and potentially toxic elements (PTEs). Within 191 

each group, two specific hazards with different characteristics have purposively been selected. 192 

Norovirus and Cryptosporidium have been chosen as the target microbial hazards for the 193 

demonstration here. Both are common waterborne and foodborne pathogens and are major causes 194 

of gastroenteritis worldwide (see e.g., Agullo-Barcello et al., 2012; WHO 2009; Patel et al., 2009; 195 

Lopman et al., 2012; Colas de la Noue et al., 2014). The selected inorganic elements (cadmium and 196 

lead) and organic chemicals (naphthalene and PCB18) all appear on the EU list of priority substances 197 

in the field of water policy (COM/2011/876/FINAL). For developing standards and/or for assessing 198 

specific end use schemes for reclaimed water, a more comprehensive screening of potential harmful 199 

hazards should be adopted (e.g., Hough et al., 2012).  200 

 201 

2.2 Exposure assessment 202 

The exposure assessment estimates the total daily dose Dtot of a specific hazard to a given receptor 203 

for each of the two considered irrigation scenarios: amenity land irrigation and food crop irrigation. 204 

 205 

2.2.1 Amenity irrigation  206 
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For the amenity land irrigation scenario (e.g. public greenspaces, sports turf), it is assumed that 207 

individuals can be exposed to hazards through inadvertent ingestion of effluent and soil as well as 208 

through dermal contact with soil:  209 

 210 

                
     

    
       

        
    

     (5) 211 

 212 

where the indices w, s, ig and d refer to water, soil, ingestion and dermal contact, respectively. Note 213 

that for microbial hazards the dermal exposure is not considered and   
  is therefore 0. To calculate 214 

Dtot,amenity, the hazard concentration in soil that has been irrigated with effluent needs to be 215 

calculated. This is done here based on a simple mass balance approach (Figure 2). It is assumed that 216 

effluent with solute pollutant concentration C0 (e.g., mg l-1) is applied to land using an irrigation rate 217 

of I (m day-1). It is assumed that the amount of pollutant added with irrigation is mixed uniformly and 218 

instantaneously in the soil over depth dr (m). 219 

 220 

FIGURE 2 221 

 222 

The following mass balance determines how the hazard concentrations in the soil develop over time 223 

following multiple irrigation events:  224 

 225 

  
   

  
    

   

  
   

  

  
  

 

  
    

 

  
          (6) 226 

 227 

where Cs (e.g., mg kg-1 soil dw) is the total hazard concentration in soil, Cw (e.g., mg l-1) is the hazard 228 

concentration in soil water, S is the amount hazard adsorbed by the soil solids (e.g., mg kg-1 soil dw), 229 

w is the water content in the soil volume with depth dr, b (kg l-1) is the dry soil bulk density, and  230 

(day-1) is a hazard-specific first-order degradation constant. This mass balance assumes that a 231 

proportion of the hazard added to the soil via irrigation is removed from the system through water 232 
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losses (plant transpiration, leaching) and degradation. All water flows and w are assumed constant 233 

with time. In reality, w will increase following an irrigation event and gradually decrease through 234 

transpiration and leaching processes, both dependent on w, e.g. transpiration will start to cease 235 

when w is approaching wilting point. However, for the purpose of determining the hazard 236 

concentrations in soil for a risk assessment, the above assumptions are considered appropriate.  237 

To solve Eq.6, expressions describing the relationship between hazard concentrations in soil 238 

and water are needed. The adsorption relationship depends on the type of hazard considered. For 239 

both organic and inorganic contaminants (i.e. PTEs), Eq.6 has been solved by assuming the 240 

partitioning in soil-water to be linear and at equilibrium: 241 

 242 

              
 

  
   

 

   
       (7) 243 

 244 

where    
       

         
 245 

 246 

where Kd (l kg-1) is a hazard-specific soil-water equilibrium distribution coefficient. Eq. 7 describes 247 

how the contaminant concentration will develop over time in soil irrigated with effluent with 248 

concentration C0. If irrigation is continued for a long time (i.e. when t), the system will 249 

eventually reach steady-state concentration level:  250 

 251 

  
   

 

   
                   (8) 252 

 253 

where Ps_chem (l kg-1) is an effective partitioning coefficient between soil and the effluent for 254 

chemicals. For compounds that do not undergo degradation (e.g. PTEs),  = 0 in Eq. 7 and 8. The 255 

distribution coefficient Kd for metals in soil is often found to be highly pH-dependent with metals 256 
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tending to be in more soluble forms at acidic conditions. Because soil pH is here assumed constant at 257 

7.0, the effect of pH (and other soil parameters) on metal sorption will not be considered.  258 

The transport and retention of microbial hazards through soil is different to that of chemical 259 

hazards. The transport is similar to that of colloids, but because microbes are living organisms that 260 

are influenced by various biological and environmental factors, their behaviour and transport in soils 261 

is much more complex. The retention of microbes in soil is generally due to adsorption to phase 262 

interfaces (e.g. soil-water and water-air interfaces) and depends, among other things, on the soil 263 

pore size distribution and the size of the microbes. The equilibrium assumption used for the 264 

chemical hazards above is often found to provide a poor description of the adsorption of microbes in 265 

soil (Bradford et al., 2006). Instead it is assumed that retention of microbes present in the infiltrating 266 

water follows a first-order process (Jiang et al., 2007):  267 

 268 

  
  

  
                       (9) 269 

 270 

Inserting Eq. 9 into the mass balance (Eq. 6) and solving at steady-state, the resulting pathogen 271 

concentration in soil is: 272 

 273 

  
      

    

    
 

   

           
                    (10)  274 

 275 

where katt and kdet are pathogen-specific first-order adsorption and desorption constants (min-1), and 276 

Ps_pathogen is an effective partitioning coefficient between soil and the effluent for pathogens. The 277 

number of microorganisms being retained in the soil will strongly depend on the ratio katt/kdet. If 278 

kdet=0, the microbial attachment to the soil surfaces is considered irreversible, in which case Eq. 10 279 

reduces to the classical colloid filtration equation, commonly used for evaluating microbial transport 280 

in laboratory and field-scale studies (Tufenkji, 2007). 281 
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 To account for dilution effects e.g. by rainfall it is assumed that irrigation repeatedly takes 282 

places for t1 consecutive days followed by a period of t2 days where irrigation does not take place, 283 

but where it rains with rate I. The concentrations in the soil will then eventually reach and fluctuate 284 

around a constant level equal to the steady-state concentrations (Eq. 8 and Eq. 10) multiplied by 285 

t1/(t1+t2). 286 

The calculation of Dtot,amenity (Eq. 5) also requires an estimation of the intake/uptake rates via 287 

the relevant media and exposure route,   
  (cf. Eq.2). While published ingestion rates of soil and 288 

water (and food) are readily available in the literature, it is more challenging to estimate the dermal 289 

uptake rates. Uptake of microbial hazards through the skin is assumed negligible. Chemical 290 

absorption through the skin largely occurs by diffusion and is roughly proportional to the 291 

concentration in the media in contact with the skin (EA, 2009). A number of factors affect skin 292 

absorption of contaminants, including media type, physicochemical properties of the contaminant 293 

(e.g. lipophilicity) and skin-specific factors such as thickness, ageing and hydration (USEPA, 1992). 294 

The dermal uptake rate from contaminated soil adhered to the skin is calculated as (EA, 2009): 295 

 296 

  
                       (11) 297 

 298 

where AF is a soil-to-skin adherence factor (mg soil cm-2 skin), ABSd is the dermal adsorption fraction, 299 

EV is the number of daily soil contact events, and Askin is the exposed skin area (cm2).  300 

 301 

2.2.2 Food crop irrigation 302 

For this exposure scenario, it is assumed that individuals are exposed to hazards through ingestion of 303 

ready-to-eat crops irrigated with effluent. The estimation of the resulting hazard concentrations in 304 

such crops is complex and depends on a number of plant-, soil- and hazard-specific properties and 305 

processes. Previous QRAs of irrigation with contaminated water have mainly focussed on water 306 

retained directly on the surface of food-crops, typically considering lettuce or similar ready-to-eat 307 
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crops (e.g., Hamilton et al., 2006; Lim et al., 2015). However, contaminant uptake by plants may also 308 

be important for certain hazards and crop types, particularly in situations where there is not direct 309 

contact between the recycled water and the crop. Some contaminants may accumulate in roots and 310 

leaves, which, among other things, is due to the water content in roots (up to 95%) being higher 311 

than in soils (~30%). Plant uptake can occur via various pathways depending on hazard and crop 312 

type; the main ones being uptake with soil water, diffusion from soil or air, and deposition of soil or 313 

airborne particles (Trapp and Legind, 2011). 314 

It is assumed here that the total hazard dose can be calculated as the sum of three 315 

components: ingestion of crop material, ingestion of soil attached to the crop and ingestion of 316 

effluent caught by the crop:  317 

 318 

              
 
    

     
      (12) 319 

 320 

where the index p refers to plant/crop material. Depending on the crop type, some of the 321 

components in Eq. 12 may become irrelevant, e.g. for root crops it may not be necessary to consider 322 

ingestion of effluent caught by the crop.  323 

The direct ingestion of effluent caught by the crop during irrigation    
  is estimated 324 

following Lim et al. (2015) by multiplying the crop ingestion rate    
 

 (kgplant day-1) with the water 325 

volume retained on the crop, Vp (L kgplant
-1) and C0. Similarly, ingestion of soil attached to the crop 326 

   
  is determined by multiplying the crop ingestion rate by the amount of soil attached to the crop 327 

Ms (kgsoil kgplant
-1) and the concentration in soil (Eq. 8 or 10). The uptake of chemical hazards by plants 328 

is estimated here using Bio-Concentration Factors (BCFs): 329 

 330 

    
  

  
        (13) 331 

 332 
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where Cp is the chemical concentration in plant tissues (mg kg-1 fresh weight).  Combining Eq. 8 and 333 

13 yields:  334 

 335 

                       (14) 336 

 337 

where Pp (l kgplant
-1) is an effective partitioning coefficient between plant and effluent. BCFs (or 338 

regressions relating BCF to contaminant-specific properties) are usually determined through 339 

controlled laboratory or field experiments. It is important to note that BCFs will only be valid for the 340 

specific plant, hazard and soil type used for the determination.  341 

Assessing plant uptake of microbial hazards is particularly challenging. It is well-known that 342 

bacteria can colonize external tissues of plants, but microbial pathogens have also been detected 343 

within roots and leafy plant tissue, where they may be protected from postharvest sanitation 344 

processes, posing a potential health risk. However, the extent of internalization and the governing 345 

processes behind this are complex and not fully understood (Deering et al., 2012; Hirneisen et al., 346 

2012; Wright et al., 2013). Most of the studies demonstrating internalization of pathogens have 347 

been carried out under laboratory conditions with exposure to high concentrations of pathogens, 348 

and it remains unclear how significant this pathway might be in relation to irrigation with 349 

contaminated water in the field. For example, Cooper et al. (2012) suggest that it is more likely that 350 

microbial pathogens attaches to plant surfaces in such a way that sanitization processing is less 351 

effective. For the work here, it is conservatively assumed that uptake of pathogens may occur. Due 352 

to the limited data available on uptake of pathogens and for consistency across all hazards, it is 353 

assumed that BCFs can also be defined for pathogens based on the observed ratios of paired 354 

pathogen concentrations in soil and in plant tissue reported in the literature (Wright et al., 2013; 355 

Islam et al., 2004a; 2004b). While the use of BCFs for pathogens is associated with large uncertainty, 356 

we still deem this approach acceptable for the QRA framework presented here.  357 
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Similar to previous work (Hamilton et al., 2006; Lim et al., 2015), it is assumed that hazards 358 

in or deposited on the surface of plants can be subject to exponential degradation during the 359 

withholding period twithhold between the last irrigation event and harvest/consumption. The total 360 

dose for the food crop scenario can therefore be written as: 361 

 362 

                          
 
                       (15) 363 

 364 

2.3 Toxicity assessment 365 

The toxicity assessment aims to determine a hazard-specific acceptable dose Daccept, e.g. the 366 

maximum daily uptake level of a given hazard that is considered to be safe or acceptable. This 367 

depends on the specific hazard, the exposure route, the type of response, and whether chronic or 368 

acute effects are considered.  369 

It is assumed that a Daccept can be defined for all of the considered hazards. For non-370 

carcinogenic chemicals and elements, the acceptable dose is often expressed as a reference dose 371 

(RfD; mg kgBW
-1 day-1). RfDs are usually derived from dose-response-relationships, which describe 372 

what the adverse effects are at different exposure levels. They are often determined conservatively 373 

from dose-response data by applying a number of uncertainty factors to account for the 374 

uncertainties associated with extrapolating from the experimental population (e.g. rodents) to the 375 

study population at risk, and the variability within receptor populations (Barnes and Dourson, 1988). 376 

For the work here, it is assumed that Daccept for chemical hazards can be calculated based on the RfD 377 

as follows (USEPA, 2011): 378 

 379 

        
      

     
                                                                             

 380 

where BW is the body weight (kg) and n is the total number daily exposure events during a year.  381 
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Reference doses are usually not defined for microbial hazards, as it is not possible to 382 

perform a direct study to assess dose corresponding to an acceptably low risk. Instead dose-383 

response assessments of pathogens focus on estimating the probability of infection or disease, 384 

typically by fitting a model to the dose-response data (Haas et al., 1996). A number of different 385 

models have been proposed for describing the dose-response relationship for different pathogens. 386 

These models are typically expressed as a function of the parameter r, which describes the 387 

probability of each pathogen to survive the host’s defensive barriers and cause infection  Schmidt, 388 

2015): 389 

 390 

                       (17) 391 

 392 

where pinf is the daily probability of infection following exposure to D pathogens. If r is a constant, 393 

Eq. 17 is the widely adopted exponential model, which has previously been used to model the dose-394 

response of e.g. Cryptosporidium (Haas et al., 1996; Teunis et al. 2002a). If r follows a beta 395 

probability distribution, Eq. 17 becomes the beta-Poisson model, which has successfully been used 396 

to describe the dose-response relationship for a wide range of pathogens, including Cryptosporidium 397 

and norovirus (e.g., Schmidt, 2015; Teunis et al., 2002a; Teunis et al., 2008). Recently, it has been 398 

proposed to describe the dose-response relationship of norovirus using the Fractional-Poisson 399 

model, which assumes that r is a Bernoulli random variable and that the fraction of perfectly 400 

susceptible (r=1) individuals is P, while the remainder (1-P) is perfectly immune (r=0) (Messner et al., 401 

2014), i.e.:  402 

 403 

                          (18) 404 

Eq. 18 accounts for pathogen aggregation through the parameter , which is the mean aggregate 405 

size (i.e. number of pathogens per aggregate). Note that Eq. 18 is essentially the same as the 406 
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exponential with immunity dose-response model with r=1/ (Schmidt, 2015; Messner and Berger, 407 

2016).  The fractional-Poisson model has recently been successfully applied to both norovirus and 408 

Cryptosporidium (Messner et al., 2014; Messner and Berger, 2016; Schmidt, 2015) and has therefore 409 

been chosen for the work here. While other types of dose-response models may be more suitable 410 

for other pathogens, Eq. 18 will in principle be suitable for any pathogen for which the dose-411 

response can be described by the exponential model (P=1, =1/r), the exponential with immunity 412 

model (=1/r), the disaggregated fractional-Poisson (=1) or the aggregated fractional-Poisson.  413 

To assess risk, pinf needs to be compared against some acceptable level of probability. An annual risk 414 

of infection of 1:10,000 people is often assumed acceptable (Hamilton et al., 2006). The annual risk 415 

of infection is calculated as (Haas et al., 1999): 416 

 417 

                  
 

      (19) 418 

 419 

where n is the total number daily exposure events during a year. Note that Eq. 19 is a simplified 420 

version of the original annualised risk equation proposed by Haas et al. (1999) and assumes that the 421 

daily probability of infection is pinf on all n days of exposure and 0 on all other days.  Karavarsamis 422 

and Hamilton (2010) show that when the daily infection probability varies over the year/periodically, 423 

the use of the more simplified annualised risk equations can lead to errors. However, for the 424 

purpose here and given the uncertainties involved in calculating pinf we consider Eq. 19 appropriate. 425 

Given the acceptable risk of 0.0001 infections per person per year, it is possible to estimate the 426 

corresponding Daccept for pathogens based on Eq. 18 and 19 as:  427 

 428 

             
                 

 
                                           

 429 
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 430 

2.4 Selection of input parameter values 431 

Table 1 and 2 present all the input values used in the QRA.  Several of the input parameters are 432 

associated with uncertainty and have therefore been assigned a range, while others are considered 433 

point estimates (cf. Table 1 and 2). Many of the generic exposure inputs (e.g. body weight, ingestion 434 

rates, dermal exposure parameters) have been adopted from USEPA (2011) and EA (2009). The daily 435 

irrigation rate and the number of irrigation days have been derived from Knox et al. (2008). The 436 

hazard-specific inputs are generally associated with significant uncertainty, particularly those 437 

describing adsorption to soils, uptake into plants and dose-response. RfDs for organic contaminants 438 

and PTEs are taken from IRIS program (USEPA, 2016) and literature (Hough et al., 2012; 2004) and 439 

are assumed to range an order of magnitude. Reported dose-response parameter values for 440 

pathogens often vary orders of magnitude and depend on e.g. the specific strain/serotype studied as 441 

well as on the type of dose-response data being analysed (e.g. controlled human trials versus 442 

outbreak data). Here, the dose-response parameters (Eq. 18) for the considered pathogens are 443 

derived from literature (Messner et al., 2014; Schmidt, 2015; Messner and Berger, 2016). 444 

 445 

TABLE 1 446 

 447 

TABLE 2 448 

 449 

3. Uncertainty propagation: fuzzy number approach 450 

The QRA relies on a large number of inputs and assumptions, many of which are associated with 451 

large uncertainties. If stakeholder and consumer confidence is to be enhanced, it is essential that the 452 

risks and the associated uncertainty are assessed and interpreted. Uncertainties in QRAs of effluent 453 

reuse are often either ignored or addressed using a precautionary approach, where inputs are 454 

assigned conservative (worst-case) values. Others have used Monte Carlo simulation to assess and 455 
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propagate uncertainties (e.g., Hamilton et al., 2006; Lim et al., 2015; Olivieri et al., 2014). Here we 456 

propagate uncertainty using a possibilistic approach based on fuzzy set theory (Zadeh, 1965, 1999), 457 

where uncertain input values are represented by fuzzy numbers (or possibility distributions) defined 458 

by a membership function , which describes the possibility that the uncertain variable X takes on a 459 

specific value of x. The membership function assigns a “degree of membership” between 0 and 1 to 460 

each value in the domain. Like probability density functions, membership functions can take on 461 

many different shapes, the only restriction being that each value in the domain corresponds to a 462 

single membership grade between 0 and 1. Figure 3 shows an example of a membership function A 463 

for the fuzzy triangular number             , given by:  464 

 465 

      

 
 

 
                     
    

     
          

    

     
          

           (21) 466 

 467 

FIGURE 3  468 

 469 

Uncertainty in model inputs expressed as fuzzy numbers is propagated through the model to obtain 470 

estimates of the possibilities of the model outcome using the method of α-cuts (Dubois and Prade, 471 

1980; Guyonnet et al., 1999): for a selected α-value (level of possibility) the lower and upper values 472 

of the associated α-cut (x1 and x2; Figure 3) can be determined for each of the fuzzy input variables. 473 

For the triangular fuzzy number given in Eq. 21, the α-cut is:                         474 

            . The minimum and maximum possible values of the model output is then 475 

calculated considering only the input values located within the associated α-cuts for each fuzzy 476 

input. These calculated minimum and maximum values correspond to the lower and upper limit of 477 

the α-cut of the model output. Therefore, by repeating this procedure for a sequence of different α-478 
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values (between 0 and 1), the associated fuzzy result of the model output can be constructed. Table 479 

3 summarises some basic operations with fuzzy intervals.  480 

 481 

TABLE 3 482 

 483 

For the work here, the uncertain input variables are represented as triangular fuzzy numbers (c.f. 484 

Tables 1 and 2) and propagated through the QRA model to explore what the lowest and highest 485 

possible acceptable concentration levels in treated effluent are at different α-values. 486 

 487 

3. Results and discussion 488 

3.1 Amenity irrigation  489 

Figure 4 shows the results of the fuzzy calculations of the acceptable concentration levels in effluent 490 

for the six considered hazards. Comparing these predicted levels to the ones typically measured in 491 

effluent gives an indication of the risk and the degree of treatment needed to avoid risks. 492 

The fuzzy numbers in Figure 4 explicitly reflect the uncertainty associated with the 493 

calculated concentration levels. At µ=1, all model inputs are given by their crisp “best estimate” 494 

values (cf. Tables 1 and 2) and the predicted acceptable concentration levels are therefore also given 495 

by a crisp/deterministic value. As the degree of membership reduces, the interval of possible values 496 

increases. The widest range in the acceptable concentration levels is obtained when the degree of 497 

membership approaches 0 and essentially reflects the lowest and highest concentration levels that 498 

can possibly be obtained within the specified min-max range of the inputs (i.e. the absolute worst 499 

and best case scenario).  500 

 501 

3.1.1 Results for the pathogens 502 

In all possible cases Cryptosporidium concentrations in the effluent needs to be below 1 oocyst/ l, 503 

while norovirus in most possible cases needs to be below 1 virus/l to avoid unacceptable risk of 504 
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infection. The acceptable concentration levels for Cryptosporidium are generally predicted to be 505 

about 2-3 orders of magnitude lower than for norovirus, which is primarily due to the difference in 506 

the dose-response parameters used for the two pathogens (Eq. 18; Table 2). Both pathogens have 507 

high probability of causing infection once ingested, but where recent studies seem to suggest that 508 

dose-response data of norovirus are best fitted by accounting for aggregation (e.g. Messner et al. 509 

(2014) estimate  to be over 1000 norovirus per aggregate), this does not appear to be the case for 510 

Cryptosporidium (Messner and Berger, 2016). The dose-response of Cryptosporidium has previously 511 

been modelled using a simple exponential model with r-values generally << 1 (e.g. Haas et al., 1996; 512 

Teunis et al., 2002a; Olivieri et al., 2014) and if this relationship had been used instead, the predicted 513 

acceptable concentration levels for Cryptosporidium would have been higher. However, Messner 514 

and Berger (2016) show that the exponential model provides a poor fit to available dose-response 515 

data and has therefore not been used here. This highlights that the predictions for pathogens are 516 

very sensitive to the chosen dose-response model and associated parameters.   517 

Positive sample concentrations of Cryptosporidium in effluent from six sewage treatment 518 

plants in Scotland (treatments included primary settlement and activated sludge or trickling filters) 519 

have been reported in the range of 0.1–60 oocyst/l (Robertson et al., 2000), but is typically found to 520 

be much less than 1 oocyst/l in effluents that have also been undergoing filtration and disinfection 521 

treatment (Harwood et al., 2005; Rose et al., 2004). DEFRA (2011) analyse measurements of 522 

norovirus in primary, secondary and tertiary effluent from five different sewage treatment works in 523 

the UK (including an advanced activated sludge works, a percolating filter works, a high rate 524 

activated sludge works, a biological aerated filter works and a membrane bio-reactor) to assess the 525 

removal efficiencies of the different treatment processes. They report mean norovirus 526 

concentrations in primary effluent (after settlement) of around 300 genome copies/ml and although 527 

sewage treatment generally reduces norovirus load by between one to two log reductions across the 528 

five sites investigated, they still find that norovirus was present in 63% and 36% of samples following 529 

secondary treatment and tertiary treatment, respectively. Similar findings have been reported in da 530 
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Silva et al. (2007). Other studies report lower mean norovirus concentrations in secondary effluent in 531 

the range of 600-4300 genome copies/l (Flannery et al., 2012; Victoria et al., 2010), but 532 

concentrations can vary over the season with values exceeding 10000 genomes/l. Comparing the 533 

predicted acceptable concentration levels for the two pathogens to the measured concentrations 534 

reported in the literature overall seems to indicate that secondary treatment with activated sludge is 535 

not protective enough and that appropriate tertiary treatment and disinfection may be required 536 

before the effluent is safe to use for irrigation. While chlorination is generally considered effective 537 

against norovirus, this is not the case for Cryptosporidium where ultrafiltration and UV treatment is 538 

likely to be needed (Nasser, 2016; DEFRA, 2011).   539 

The most significant exposure route for pathogens is through the inadvertent ingestion of 540 

effluent, as the most direct route with limited reductions due to e.g. die-off. The dose experienced 541 

through direct effluent ingestion    
  is approximately 100 times higher than that for soil ingestion 542 

   
 . This also suggests that application controls that seek to minimise direct ingestion of effluent, 543 

such as ensuring irrigation only takes place at times when most people are absent from the 544 

greenspace (e.g., at night), will be effective in reducing the potential human health risks, in line with 545 

the recommendations in existing guidelines (e.g. CPDH, 2009; US EPA, 2012; EPHC et al., 2006).  546 

 547 

3.1.2 Results for the chemical hazards 548 

The results for the considered PTEs (Cd and Pb) and the organic contaminants (PCB118 and 549 

naphthalene) generally show that these hazards are much less likely to pose a risk. At =1, the 550 

acceptable concentration of PCB118 is found to be 0.1 mg/l, while the acceptable concentrations of 551 

the PTEs and naphthalene are over 1 mg/l and 1000 mg/l, respectively. When 0, the worst-case 552 

acceptable concentration levels for PCB118 and the PTEs are around 1 g/l and 35 g/l, respectively, 553 

which is generally far greater than levels typically measured in effluent from WWTP or septic tanks 554 

(Balasubramani et al., 2014; Oliveira et al., 2007; Richards et al., 2016; Smith et al., 1996). For both 555 

PCB118 and Pb the most significant exposure route is ingestion of soil, due to their strong adsorption 556 
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to soil. Dermal uptake via soil is also a significant pathway for PCB118. For Cd and especially 557 

naphthalene, the most significant exposure route is ingestion of effluent.  558 

 559 

FIGURE 4 560 

 561 

3.1.3 General findings  562 

The estimated acceptable concentrations in effluent are particularly dependent on their 563 

toxicity/infectiousness and their fate/transport in the soil. Using these principles, Figure 5 can be 564 

used as a quick guide to identify hazards that might be of concern when using effluent for amenity 565 

irrigation: The higher the Kd value and the lower the acceptable dose value are for a given hazard, 566 

the lower the acceptable concentration limit has to be in order to avoid unacceptable health risk 567 

(Figure 5). Given the scenario-specific input values (c.f. Table 1), the soil exposure routes only 568 

become important for hazards with Kd>100 l/kg, while the exposure is entirely driven by direct 569 

effluent ingestion for hazards with a Kd<100 l/kg as apparent from the flatness of the curves. Figure 5 570 

also directly demonstrates the sensitivity of the predicted acceptable concentration limits to the 571 

acceptable dose and Kd values.  572 

 573 

FIGURE 5 574 

 575 

While the comparison of the estimated acceptable concentration levels to those typically found in 576 

effluent generally indicates that the human health risks associated with the amenity irrigation 577 

scenario are low, the considered pathogens may have a potential to cause risk of infection, 578 

suggesting that appropriate tertiary treatment and disinfection may be required prior to irrigation. 579 

These findings are consistent with, and add to, other published studies which have concluded that 580 

reclaimed wastewater subjected to tertiary treatment and disinfection processes is safe to use for 581 

amenity irrigation (e.g., Alonso et al., 2006). 582 
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 583 

3.2. Food crop irrigation  584 

3.2.1 Results for the chemical hazards 585 

Figure 6 shows the results of the fuzzy calculations of the acceptable concentration levels in effluent 586 

for the six considered hazards for the crop irrigation scenario. The acceptable concentration levels 587 

for all hazards have to be lower compared to the amenity irrigation scenario. This is particularly the 588 

case for the organic contaminants and the PTEs, for which acceptable concentration levels are 589 

generally over an order of magnitude lower. At =1 the acceptable concentration of PCB118 is found 590 

to be 4 g/l, while the acceptable concentrations of the PTEs and naphthalene are around 50 g/l 591 

and 40 mg/l, respectively; values that are still far greater than those routinely observed in treated 592 

effluent suggesting limited risks. However, when  approaches 0, the worst-case acceptable 593 

concentration levels for PCB118 and the PTEs are below 0.05 g/l and 0.1 g/l, respectively. Such 594 

low acceptable concentrations levels suggest that it is possible for these compounds to pose human 595 

health risks. The lower concentrations estimated for the organic compounds and PTEs are mainly 596 

due to an increase in the dose experienced through vegetable consumption and increased soil 597 

ingestion (attached as particles on the consumed vegetables). For PCB118 and Pb, which both 598 

adsorb strongly to soil and are less readily taken up via plant transpiration, the most significant 599 

exposure route is soil ingestion (as attached particles). The exposure to such strongly adsorbed and 600 

persistent hazards can be reduced by washing the vegetable before consumption, e.g. by setting Ms 601 

= 0 mg/g (Table 1) the total dose of Pb and PCB118 is reduced by over 60% (cf. Eq 15). For Cd and 602 

especially naphthalene, the most significant exposure route is uptake into the consumed vegetables.  603 

 604 

3.2.2 Results for the pathogens 605 

Similar to the previous scenario, the acceptable concentrations of the two pathogens in most cases 606 

needs to be below 1 virus/l and 1 oocyst/l, respectively, to avoid unacceptable infection risk, again 607 

suggesting that a tertiary and disinfection treatment is required before effluent is safe to use for 608 
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crop irrigation. The most significant exposure route for pathogens is through the ingestion of 609 

effluent captured by vegetables, while soil ingestion and plant uptake are much less important 610 

pathways. This also suggests that avoiding direct application of effluent to the edible part of the 611 

plant will significantly reduce the risk from pathogens, i.e. by setting Vp=0 (Table 1), the acceptable 612 

pathogen concentrations increase by approximately a factor of 10. Increasing the time between last 613 

irrigation event and harvest (twithhold) is another management option for reducing the exposure to 614 

pathogens, depending on the decay constant  (cf.  Eq. 15). Given the best estimate decay rates in 615 

Table 2, it would take a twithhold of 23 days and 46 days to obtain a log-reduction in the norovirus and 616 

Cryptosporidium exposure, respectively. However, the decay rates are associated with large 617 

uncertainty and if a decay rate of 1 day-1 is used (i.e. higher-end estimate in Table 2 and similar to 618 

the rates used for enteric viruses in Hamilton et al. (2006)), the log-reduction is obtained in 2.3 days.  619 

 620 

FIGURE 6 621 

 622 

3.2.1 General findings 623 

Much of the scientific literature and existing guidelines on reuse of treated wastewater are focussed 624 

on agricultural crop irrigation (Becerra-Castro et al., 2015; Norton-Brandao et al., 2013). The findings 625 

from this study are consistent with other published studies, where treated and disinfected effluent is 626 

found to be safe for agricultural uses (e.g., Weber et al., 2006). Olivieri et al. (2014) found that the 627 

risks of infection in humans from a number of pathogens (including Cryptosporidium) associated 628 

with ingesting vegetables irrigated with tertiary treated effluent were generally acceptably low and 629 

concluded that agricultural practices consistent with the Californian water recycling criteria do not 630 

measurably increase public health risk. Others have found food crop irrigation to be associated with 631 

potential human health concerns. Hamilton et al. (2006) assessed the viral infection risk from using 632 

non-disinfected secondary treated effluent for food crop irrigation and found annual risk of infection 633 

to be higher than the 10-4 benchmark, unless twithhold>14 days.  634 
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 635 

3.3 Uncertainty implications and limitations of the approach   636 

For both irrigation scenarios, the fuzzy calculations have demonstrated that the prediction of 637 

acceptable concentration levels is associated with large uncertainty, with the range of possible 638 

values spanning up to 7 orders of magnitude (cf. Figure 4 and 5). Reducing uncertainty in input 639 

values would narrow this range. A full sensitivity analysis for each hazard and irrigation scenario is 640 

beyond the scope of this paper, but would reveal which input parameters the QRA is most sensitive 641 

to and hence where efforts should be targeted to reduce the uncertainty in the results. As 642 

demonstrated in section 3.1 and 3.2, the acceptable concentrations are found to be particularly 643 

sensitive to the hazards’ toxicity/infectiousness, decay rate and their ability to adsorb to soil; three 644 

hazard-specific inputs associated with a large degree of uncertainty (cf. Table 2). More studies are 645 

needed to derive more reliable dose-response relationships and to better understand how key 646 

hazards behave once introduced into the environment through irrigation. The sensitivity of the 647 

results to several of the scenario-specific and generic parameters in Table 1 depends on the specific 648 

hazard. E.g., for hazards that do not adsorb strongly to soil, the assessment is very sensitive to the 649 

effluent volume directly ingested (either inadvertently or by ingesting effluent captured by food 650 

crop).  651 

The uncertainty in the predicted acceptable concentrations has implications for defining 652 

quality standards, which is associated with a number of trade-offs. Standards could be specified 653 

according to worst-case prediction, i.e. set at the lowest possible acceptable concentration level, to 654 

offer maximum protection of human health. However, overly conservative standards could 655 

potentially lead to both money and energy being spent unnecessarily on treating the wastewater to 656 

an extreme degree.  657 

It should be noted that the QRA approach presented here only addresses and propagates 658 

the uncertainties associated with the input parameters. We have here attempted to develop a 659 

generalised QRA approach which can be applied to a wide range of different hazards and to do this it 660 
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has been necessary to introduce a number of simplifying assumptions into the developed exposure 661 

assessment and dose-response models to describe complex phenomena such as plant uptake 662 

dynamics, the behaviour/fate in the environment and the dose-response relationships of the 663 

different types of hazards. While most of these assumptions are based on recent state-of-the-art 664 

literature and/or on already established practices and are considered appropriate for many hazards 665 

in a risk assessment context, they may not be suitable for all hazards or situations. For example, as 666 

already discussed, it might be better to use a different dose-response model than the one adopted 667 

here for certain pathogens.  However, including a different dose-response model into the framework 668 

would be relatively straightforward. Overall, we therefore believe that the presented approach can 669 

be applied to hazards that behave similarly as the chosen example hazards and that the examples 670 

presented here can offer guidance to other risk assessments approaches.  671 

Finally, it should be noted that the assessment here only considered the human health risks 672 

associated with amenity and food crop irrigation. The same models could in principle be extended to 673 

other irrigation scenarios e.g. of forestry, horticulture or bioenergy crops. The human health risk 674 

associated with such scenarios is expected to be much lower and hence require less strict water 675 

quality standards. However, detailed QRAs would be required to assess this and to ensure that other 676 

environmental receptors (wildlife, water courses etc.) are not subject to unacceptable risks. 677 

 678 

4. Summary and conclusion 679 

A generalised quantitative risk assessment (QRA) to assess the human health risks resulting from 680 

using reclaimed water for amenity and food crop irrigation is presented. The QRA has been designed 681 

to help establish reclaimed water quality standards and considers exposure to both microbial and 682 

chemical hazards. Because the QRA explores exposure through different pathways and routes (e.g. 683 

ingestion of effluent, soil and crops), it enables quantitative analysis of the effects of various 684 

targeted management measures.  685 
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The model was demonstrated on six priority hazards: two pathogens (norovirus and 686 

Cryptosporidium) and four chemicals (cadmium, lead, naphthalene and PCB118). A possibilistic 687 

approach, based on fuzzy set theory, was used to propagate the uncertain input values through the 688 

QRA model to estimate the possible range of hazard concentrations deemed acceptable for 689 

reclaimed water irrigation. The following is concluded: 690 

 For the chemical hazards, the predicted acceptable concentration levels in effluent are 691 

generally found to be far greater than those typically measured at WWTPs, hence indicating 692 

that the human health risks to chemical hazards associated with effluent irrigation of 693 

amenity land and food crops are low. However, it is possible that long-term irrigation with 694 

effluent can lead to the build-up of strongly adsorbing and persistent chemicals in soil, which 695 

if ingested (e.g. as attached soil particles on food crop) subsequently can cause an 696 

unacceptable level of exposure.  697 

 For the pathogens, the results suggest that they may have a potential to cause risk of 698 

infection and that appropriate tertiary treatment and disinfection therefore may be required 699 

prior to irrigation. The (inadvertent) direct ingestion of effluent was found to be the 700 

dominating route of exposure to pathogens in both irrigation scenarios and the results 701 

indicate that a significant reduction in risks can be achieved by minimising this exposure 702 

route e.g. by restricting public access during amenity irrigation or avoiding direct application 703 

of effluent to edible parts of the crop.  704 

 The predicted acceptable concentration levels are highly uncertain due to the large 705 

uncertainty associated with many of the input values used. To define appropriate quality 706 

standards for irrigation with reclaimed water, it is important to reduce this uncertainty. A 707 

better understanding of dose-response relationships and how key hazards behave once 708 

introduced into the environment through irrigation is needed.  709 
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 It should be noted that the input values used in the assessment are fairly generic and it is 710 

possible that this exacerbates the uncertainty of the results. For more case-specific 711 

assessments, the uncertainty is likely to be significantly smaller. 712 

Whilst environmental policy and associated standards are increasingly based on QRA, the authors 713 

also recognise that standard setting is a nuanced process that by necessity takes into account wider 714 

political, social, and economic factors. The risk assessment here directly helps the standard setting 715 

process as the outputs provided are in effect the levels of hazards in reclaimed water required to 716 

protect human health for a specific activity. In this respect, an assessment such as this one provides 717 

very clear evidence to the standard setting committee. Once all assumptions in the assessment are 718 

agreed with all parties, the values generated by this assessment could simply be adopted as 719 

standards. However, in reality, while final standards might be based on the outcome of this type of 720 

assessment they are likely to be ‘adjusted’ to support current political, social and economic 721 

strategies. 722 
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Table 1: Generic and scenario-specific best estimate input values for the QRA. Inputs with considerable 

uncertainty are given a range (min-max).  

Parameter Values References/notes 

Body weight, BW (kg) 75 (50-100) (EA, 2009; USEPA, 2011) 

Soil mixing depth, dr (cm) 1 Generic soil properties (EA, 2009) 

Soil bulk density, b (kg/l) 1.2 

Organic carbon content, foc (%) 1 (1-4) 

Soil water content, θw 0.3 

Irrigation rate, I (mm/day) 4 (Knox et al., 2008) 

Irrigation days per year, t1 (days) 60 

   

Amenity irrigation  

Inadvertent ingestion of effluent, 

   
  (ml/day) 

5 (0.1-10) (EPHC et al., 2006; Olivieri et al., 2014) 

Soil ingestion rate,    
  (mg/day) 20 (5-100) (EA, 2009; USEPA, 2011) 

Soil-to-skin adherence factor, AF 

(mg cm
-2

 skin) 

0.3 (0.01-1) 

Dermal contact event frequency, 

EV (events/day) 

1 

Exposed skin area, Askin (cm
2
) 200 (50-500) Best case (only hands exposed); worst case (hands, 

lower legs and forearms exposed) (EA, 2009; USEPA, 

2011) 

Duration of exposure event, tevent 

(hr/day) 

2.5 (0.3-10) Time spent in public green space (Tsang and Klepeis, 

1996) 

Exposure frequency, n (days/year)  50 (10–100) Receptor assumed to spend 50 (10–100) days every year 

in amenity land irrigated with effluent. 

   

Food crop irrigation 

Leafy green vegetable intake by 

adult (g fw kgbw
-1

 day
-1

) 

1 (0.2-3) 

 

(EA, 2009; USEPA, 2011) 

Volume of water retained on leafy 

crop, Vp (mL/kg fw) 

100 (2.5-125) Values for lettuce (EPHC et al., 2006; Hamilton et al., 

2006; Lim et al., 2015) 

Soil attached to leafy crop, Ms (mg 

soil/g fw) 

5 (1-10) (Trapp and Legind, 2011) 

Days from last irrigation event to 

harvest, twithhold (days) 

1 (0-7) (Lim et al., 2015) 

Exposure frequency, n (days/year) 0.38 (0.19-0.77) Receptor assumed to consume leafy vegetables 140 (70-

280) days every year (EPHC et al., 2006). 
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Table 2: Best estimate contaminant-specific inputs for the QRA. Inputs with considerable uncertainty are given 

a range (min-max). First-order degradation rates (); soil-water equilibrium distribution coefficient (Kd); 

adsorption-desorption ratio of pathogens (katt/kdet); Soil-to-plant bioconcentration factor (BCF); dermal 

adsorption fraction (ABSd); safe/reference dose (RfD) 

Parameter Pathogens PTEs Organics 

 Norovirus Cryptosporidum Cd Pb Naphthalene PCB118 

logKow n.a. n.a. n.a. n.a. 3.3 6.69 

 (x10
-2

) [day
-1

] 
1
 10 (1-200) 5 (1-500) 0 0 1 (0.1-10) 0.03 (0-0.3) 

log(Kd) [l/kg] 
2
 n.a. n.a. 2.7 (1.3-

4.5) 

3.7 (1.7-5) 0.9 (0.5-1.7) 4 (3.2-4.8) 

katt/kdet [-] 
3
 

 

50 (1-100) 50 (1-100) n.a. n.a. n.a. n.a. 

BCF
 
(x10

-2
)  

[g soil/g fw] 
4
 

0.01 (0-0.05) 4 (0.5-

10) 

0.3 (0.01-1) 100 (1-200) 0.3 (0.1-1) 

ABSd [-] 
5
 n.a. 0.001 0.001 0.13 0.14 

 

[cells/aggregate] 
6
 

1100 (100-

2500) 

1 (1–5) n.a. n.a. n.a. n.a. 

P [-] 
6
 0.72 (0.4-

0.9) 

0.74 (0.4-0.9) n.a. n.a. n.a. n.a. 

RfDs (x10
-3

) [mg 

kg
-1

 day
-1

 ] 
7
 

n.a. n.a.
 
 0.1 (0.1-

1) 

0.35 (0.1-1)  20 (10-100) 0.02 (0.01-0.1) 

1 
First-order degradation rates () for pathogens (Schijven and Hassanizadeh, 2000, Hamilton et al., 2006; 

Hutchison et al., 2005; Nicholson et al., 2005) and for organic contaminants (Mackay, 2001). 

2
 Soil-water equilibrium distribution coefficient (Kd) for metals (Allison and Allison, 2005; Anderson and 

Christensen, 1988) and for organics contaminants (Kjeldsen, 1997). 

3 
Adsorption-desorption ratio (katt/kdet) of pathogens (Bradford et al., 2006; Jiang et al., 2007; Schijven and 

Hassanizadeh, 2000). 

4
 Soil-to-plant bioconcentration factor (BCF) for organic contaminants (Fismes et al., 2002; Mikes et al., 2009; 

Trapp and Legind, 2011; Travis and Arms, 1988), for PTEs (Hough et al., 2004; Novotna et al., 2015) and for 

pathogens (Islam et al., 2004a; 2004b; Wright et al., 2013). 

5
 Dermal adsorption fraction (ABSd) (EA, 2009).  

6
 Dose-response parameters for pathogens: mean aggregate size () and fraction of perfectly susceptible 

individuals (P). The norovirus dose-response parameters have been derived from a compilation of human trial 

data (mainly GI but also GII) (Messner et al., 2014; Schmidt, 2015). The Cryptosporidium dose-response 

parameters are derived for a human trial dataset including mainly C.parvum (Messner and Berger, 2016; Haas 

et al., 1996; Teunis et al., 2002a, 2002b). 

7
 Reference dose (RfD) for oral intake of organic and inorganic contaminants (Hough et al., 2012; 2004; USEPA, 

2016) 
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Table 3: Arithmetic operations with fuzzy intervals 
αA = [al, au] and αB = [bl, bu] (Klir, 1997). 

Addition αA + αB [al+bl, au+bu] 

Subtraction αA –  αB (al-bu, au-bl] 

Multiplication αA x  αB [min(albl, albu, aubl, aubu), max(albl, albu, aubl, aubu)] 

Division αA/ αB [min(al/bl, al/bu, au/bl, au/bu), max(al/bl, al/bu, au/bl, au/bu)] 
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Figure 1. Conceptual source-pathway-receptor model for assessing the human health risks associated with 

reclaimed water irrigation.  
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Figure 2: Conceptual model for the irrigation of land with effluent. 
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Figure 3: Triangular membership function (A) for a fuzzy variable A = (a1, a2, a3), with an illustration of -cut, 

i.e., at =, the -cut comprise all the values between x1 and x2.  
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Figure 4. Results of fuzzy calculation of the acceptable concentration levels in treated effluent for amenity 

irrigation. Acceptable concentrations are in units of mg/l for chemical hazards, and in viruses/l and oocyst/l for 

norovirus and cryptosporidium, respectively. All concentrations are in log-scale. 
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Figure 5. Acceptable concentration limits in treated effluent as a function of Kd and acceptable dose for the 

amenity irrigation scenario. The calculated concentration limits are based on the “best estimate” input values 

in Tables 2 and 3. The six hazards have been added to the plot for illustration. The acceptable doses are 

determined as average daily acceptable dose per kg body weight. Note that the Kd for the two pathogens have 

been estimated from the katt/kdet as: Kd=w(katt/kdet)/b. Note that for pathogens, 1 mg/l corresponds to 1 

virus/l or 1 oocyst/l (or 1 CFU/l) in the plot. 
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Figure 6. Results of fuzzy calculation of the acceptable concentration levels in treated effluent for crop 

irrigation. Acceptable concentrations are in units of mg/l for chemical hazards, and in viruses/l and oocyst/l for 

norovirus and cryptosporidium, respectively. All concentrations are in log-scale. 
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 Human health risks for irrigation with reclaimed water are modelled 

 The risk assessment model is designed to inform reclaimed water quality 

standards 

 Stricter standards are required for crop irrigation than for amenity irrigation 

 Fuzzy uncertainty propagation shows large uncertainty in predicted standards  
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