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Table S1.  Initial values 

selected for solar concentrator 

sizing. 

  

Component Chosen Value Comment 

Primary reflectivity 0.85 Depends on material 

Turning mirror reflectivity 0.95 Typical silvered thin glass value 

Intercept at homogenizing rod 0.9 Depends on accuracy and fiber diameter 

Homogenizing rod Fresnel 

reflection 

0.965 Fresnel reflection for n=1.46 

Homogenizing rod transmittance 1.0 Should be high value for quartz 

Homogenizing rod Fresnel 

reflection 

0.965 Fresnel reflection for n=1.46 

Fiber Fresnel reflection 0.965 Fresnel reflection for n=1.46 

Fiber fill factor 0.85 Loss for packing of small diameter fibers 

Fiber transmission 0.8 Depends on type of fiber selected and 

length 

Fiber Fresnel reflection 0.965 Fresnel reflection for n=1.46 

Overall Efficiency 0.43  
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Table S2. Optical and 

geometric inputs for 

concentrator analysis. 

  

 

Sunshape CSR10 (Neumann 

2002) 

Direct Irradiance 1000W/m2 

Concentrator Diameter 0.60m 

Concentrator Area 0.283m2 

Focal Length 0.69m 

Curvature Parabolic 

Contour Slope Errors* 1.0mrad 

Contour Specularity 

Errors* 

0.5mrad 

Mirror Reflectivity 0.95 

Support Arm Width 2.54cm 

Turning Mirror Diameter 11.5cm 

Curvature Flat 

Mirror Slope Errors* 0.5mrad 

Mirror Specularity Errors* 0.1mrad 

Turning Mirror 

Reflectivity 

0.95 

Turning Mirror Position 0.85f 

Homogenizing Rod 

Diameter 

13.5mm 

Homogenizing Rod 

Length 

61cm 

Homogenizing Rod Index 1.46 

Rod Slope Errors* 0.2mrad 

Rod Specularity Errors* 0.05 

Rod Entrance Position 0.7f 

*Standard deviation of normally distributed error 
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Model Development  

Researchers from the University of Colorado at Boulder have designed, built and demonstrated a 

novel prototype process for disinfecting and potentially pyrolyzing human fecal waste using 

concentrated solar power. During the course of the project, the authors developed a simple and 

preliminary COMSOL® multiphysics pyrolysis model as a process design tool for batch 

disinfection and possible pyrolysis of human feces. The model encompasses many of the key 

physics in the disinfection and pyrolysis process: concentrating solar power, variable solar 

conditions, and reaction kinetics to predict conversion. Several inputs to the model were derived 

from experiment and literature.  The model is fit to experimental results by adjusting the 

effective thermal conductivity of the feces during prototype testing.  The key result from the 

modeling is an expression for the effective thermal conductivity of untreated human feces, and 

other wet-solid materials, that accounts for “wet” and “dry” stages and that can be incorporated 

into any heat transfer model. 

Geometrical Considerations 

The feces contained in the Sol-Char reactor was modeled as a solid cylinder cut into a 

one-quarter symmetrical section, shown in Figure SI-8, built and simulated using COMSOLTM 

Multiphysics finite element software. 

The physical dimensions of the reactor are shown in Table SI-3 and were used in the 

simulation. Since the thickness of the stainless steel reactor wall is more than an order of 

magnitude smaller than the thickness of the feces domain, and, the thermal conductivity of steel 

is more than an order of magnitude greater than that of feces, the steel wall was not modeled 

explicitly due to its negative impact on the mesh quality. Instead the steel wall was treated with a 
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Very Thin Conductive  Layer 

(VTCL) boundary condition rather 

than a meshed domain. The outer 

surface of the reactor was also 

painted with flat black solar 

absorbing paint, Tempil® 

Pyromark® 2500, which has high 

absorbance for solar spectrum 

wavelengths. 

Model 

Temperature fields in the feces domain were modeled by a transient conduction model with 

isotropic temperature-dependent physical properties approximated by analytic functions for 

thermal conductivity (𝒌), heat capacity (𝑪𝒑), and density (𝝆), with nominal  

Table S3. Geometrical dimensions of the Sol-Char Sanitation prototype.  

Dimension Value Description 

𝑅 0.047752 [m] ID of reaction vessel 

𝐿 0.003048 [m] Thickness of vessel wall 

𝐻 0.15403 [m] Height of feces studied in experiment 

 

values listed in Table S-4.  
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𝜌𝐶𝑃

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝒖⃑⃑ ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇) + 𝑄 (1) 

where 𝑄 is a heat source applied to the waste boundary by the solar flux.  

Table S4. Thermophysical properties used in the simulation. 

Variable Value Description 

𝜌𝐹0 1450 [kg/m3] Initial density of feces at ambient temperature 

𝜌𝐶 500 [kg/m3] Density of char produced from feces pyrolysis 

𝑘𝐹0 0.39 [W/m-K] Thermal conductivity of pit latrine waste in Durban, SA 

𝑘𝐶 0.19 [W/m-K] Thermal conductivity of char 

𝐶𝑝,𝐹0 2200 [kJ/kg-K] Heat capacity of pit latrine waste in Durban, SA 

𝑇𝑎𝑚𝑏 20 [°C] Ambient temperature in experiment and simulation 

𝑇𝑣𝑎𝑝 94 [°C] Boiling point of water in Boulder, CO (experiment site) 

𝑇𝑟𝑥𝑛 250 [°C] Pyrolysis reaction initiation temperature 

𝜀 0.88 Emissivity of Pyromark® 2500 solar paint 

𝜎 5.67x10-8 [W/m2-K] Stefan-Boltzman constant for radiative heat flux 

𝑎 0.95 Absorbance of Pyromark® 2500 solar paint 

𝑄𝑓𝑖𝑏𝑒𝑟 78.1 [W] Average normalized power from one optical fiber 

 

Extent of conversion was also modeled in the simulations by a Distributed Activation 

Energy Model (DAEM) following the methods of Miura and Maki [1, 2]. The kinetic expression 

for conversion follows the form 
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 𝑑𝛼

𝑑𝑡
= 𝐴𝛼 exp (−

𝐸𝛼

𝑅𝑇
) (1 − 𝛼), 𝛼(0) = 0 (2) 

where 𝐴𝛼 is the pre-exponential factor, 𝐸𝛼 is the activation energy for a given value of the extent 

of conversion, 𝛼, between 0 and 1. In the DAEM proposed by Miura and Maki, 𝐴𝛼 and the 𝐸𝛼 

can vary with extent of conversion. The 

variations of 𝐴𝛼 and 𝐸𝛼 determined for 

the present study are shown in Figure SI-

9.   Since the Miura-Maki method 

doesn’t determine a single value for 

either 𝐴𝛼or 𝐸𝛼 , an interpolation between 

the points was performed in 

COMSOL™ in order to obtain a solution 

to the coupled systems of equations for 

heat transfer and reaction kinetics. 

Since the Sol-Char sanitation receiver is a batch reactor, 𝒖⃑⃑ = 0 so that equation 1 

becomes 

 
𝜌𝐹𝐶𝑝,𝐹

𝜕𝑇

𝜕𝑡
 = ∇ ∙ (𝑘𝐹∇𝑇) + 𝑄 (3) 

The subscript 𝐹 denotes the property for feces (reactants), subscript 𝐶 denotes the property value 

for char (products), and the naught subscript denotes the initial value of a property. Physical 

properties 𝜌𝐹, 𝑘𝐹, and 𝐶𝑝,𝐹, were assumed to be constant with respect to temperature until either 

the vaporization temperature of water or pyrolysis reaction temperature, denoted as 𝑇𝑣𝑎𝑝 and 

𝑇𝑟𝑥𝑛, respectively, was reached. The smoothed step change from one value to another is 
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approximated by the smoothed Heaviside function, 𝑈(𝑥), which can be expressed as the integral 

of the Dirac delta function, 𝛿(𝑠), at a given point 𝑥 

 
𝑈(𝑥) =  ∫ 𝛿(𝑠)𝑑𝑠

𝑥

−∞

 (4) 

Density of the feces, 𝜌𝐹, was approximated as a smoothed step change from the nominal 

value, 𝜌𝐹0, to that of typical biomass char, 𝜌𝐶, as extent of conversion, 𝛼, varies from 0  and 1. 

 𝜌𝐹(𝑇) = 𝜌𝐹0 − (𝜌𝐹0 − 𝜌𝐶)𝑈(𝛼) (5) 

Heat capacity of the feces, 𝐶𝑝,𝐹, was also approximated with a similar expression that 

incorporates the latent heat of vaporization and endothermic heat of reaction for biomass 

pyrolysis, shown in Figure S10, 

 
𝐶𝑝,𝐹(𝑇) = 𝐶𝑝,𝐹0 + Δ [

𝜆𝑣𝑎𝑝

Δ𝑇
𝑈(𝑇𝑣𝑎𝑝)] + Δ [

𝐻𝑟𝑥𝑛

Δ𝑇
𝑈(𝑇𝑟𝑥𝑛)] (6) 
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where the shorthand expressions  

 
Δ [

𝜆𝑣𝑎𝑝

Δ𝑇
𝑈(𝑇𝑣𝑎𝑝)] =

𝜆𝑣𝑎𝑝

Δ𝑇
𝑈(𝑇𝑣𝑎𝑝) −

𝜆𝑣𝑎𝑝

Δ𝑇
𝑈(𝑇𝑏𝑝 + Δ𝑇) (7) 

 
Δ [

𝐻𝑟𝑥𝑛

Δ𝑇
𝑈(𝑇𝑟𝑥𝑛)] =

𝐻𝑟𝑥𝑛

Δ𝑇
𝑈(𝑇𝑟𝑥𝑛) −

𝐻𝑟𝑥𝑛

Δ𝑇
𝑈(𝑇𝑟𝑥𝑛 + Δ𝑇) (8) 

denote a “step up” and a “step down” from the nominal value of heat capacity, 𝐶𝑝.𝐹0, which 

accounts for the energy required to evaporate water and then pyrolyze the feces to char over a 

very small temperature change Δ𝑇. The area under the curve in Figure S10 is equal to that of the 

latent heat of vaporization of water, 𝜆𝑣𝑎𝑝 = 2260 kJ/kg, and endothermic heat of biomass 

pyrolysis found by Van de Velden, et al., to vary between 207 and 434 kJ/kg [3]. The simulation 

results were found to be insensitive to the value of the endothermic heat of biomass over the 

range of values presented by Van de Velden, et al. 

Effective thermal conductivity of feces, 𝑘𝐹 , was approximated by a similar expression 

 𝑘𝐹( 𝑇) = 𝛽𝐹(𝑘𝐹0 − [𝑘𝐹0 − 𝑘𝐶]𝑈(𝛼)) (9) 

where 𝛽𝐹 is a coefficient used to adjust the thermal conductivity of feces. The expression for 𝛽𝐹 

is dependent upon temperature 𝑇 

 𝛽𝐹 = 𝛽𝑤𝑒𝑡 − (𝛽𝑤𝑒𝑡 − 𝛽𝑑𝑟𝑦)𝑈(𝑇𝑣𝑎𝑝) (10) 

When the waste reaches the temperature 𝑇𝑣𝑎𝑝, the coefficient 𝛽𝐹 undergoes a step change from 

 𝛽𝑤𝑒𝑡 to 𝛽𝑑𝑟𝑦 as the feces are first dried out and then further heated to pyrolysis temperatures. 

The coefficient 𝛽𝐹 accounts for the presence of water in untreated human feces, as well as for the 
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unmeasurable effects in the experimental system, e.g. partial oxidation of the feces that promotes 

heat transfer. 

 A boundary heat source, 𝑄, from the concentrated solar power illuminating the reactor 

(Figure S11), was applied to the feces outer boundary, shown by Figure S12.   Flux map 

images can be imported directly into COMSOL® and are used as a scaling function on the total 

power applied to the geometry. The solar flux is absorbed by the painted outer surface of the 

reaction vessel, shown as  

 𝑄 = 𝑎𝑄𝑓𝑖𝑏𝑒𝑟𝑘𝑖𝑚𝑎𝑔𝑒 (11) 
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where 𝑎 is the surface absorbance of Tempil® Pyromark® paint, 𝑄𝑓𝑖𝑏𝑒𝑟 is the normalized power 

output of one optical fiber, and 𝑘𝑖𝑚𝑎𝑔𝑒 is an expression that incorporates the pixelated values 

from the flux map images, 𝑓(𝑟𝜃, 𝑧), and a scale factor to ensure that the integral of the flux 

across the boundary equals the observed power during experiment 

 𝑘𝑖𝑚𝑎𝑔𝑒 = 3.13𝑓(𝑟𝜃, 𝑧) (12) 

where 𝑟𝜃 is the arclength along the boundary surface and 𝑧 is the vertical position on the 

boundary, associated with the location and the saturation value 0 ≤ 𝑓(𝑟𝜃, 𝑧) ≤ 1 in the flux map 

image.  

A VTCL boundary condition is used on these boundaries, allowing the thermal 

conductivity effects of the steel reactor wall to be simulated without the need to mesh another 

solid domain in the model. The VTCL boundary condition computes the temperature flux across 

a layer of a given thickness, 𝐿 
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−𝒏̂ ∙ (−𝑘∇𝑇) = 𝐿 (𝑄 − 𝜌𝐿𝐶𝑝,𝐿

𝜕𝑇

𝜕𝑡
) − ∇𝐿 ∙ (−𝐿𝑘𝐿∇𝐿𝑇) (13) 

The thermophysical properties, 𝑘𝐿, 𝜌𝐿, and 𝐶𝑝,𝐿, of the wall were set to the value of type 316 

stainless steel, shown in Table S4, and L is the thickness of the reaction vessel wall.  

Radiation (emission) was included as another boundary condition in the same locations as 

the heat source, 𝑄, since these boundaries are not insulated from ambient. This boundary 

condition accounts for heat lost to the ambient environment as the temperature of the reactor 

surface increases  

 −𝒏̂ ∙ (−𝑘∇𝑇) = 𝜀𝜎(𝑇𝑎𝑚𝑏
4 − 𝑇4) (14) 

where 𝜎 is the Stefan-Boltzman constant, 𝜀 is the surface emissivity of the painted steel reactor, 

and 𝑇𝑎𝑚𝑏 is the ambient air temperature. These values are also shown in Table S4. 

 

 

Results 

 The model developed in this work was ultimately compared to data collected for the Sol-

Char Sanitation prototype on July 3, 2014. This day was especially sunny, with direct normal 

irradiance (DNI) measured at average 900 W/m2 for several hours, as can be seen in Figure 7. 

The average power measured from each fiber optic bundle was found to be 78.1 W, after being 

normalized to a standard DNI of 1000 W/m2. Feces from four healthy adults were collected in 

the reactor prior to the experiment, weighing approximately 800 g total. The volume of the 

charge to the reactor was approximately 600 cm3.  
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conductivity as defined by equations 9 and 10, were optimized to fit the experimental data 

obtained during solarthermal drying on July 3, 2014, using least squares minimization. The 

coefficients 𝛽𝑤𝑒𝑡 and 𝛽𝑑𝑟𝑦 were the optimization parameters adjusted to evaluate the sum 

squared error (SSE) between experimental temperatures and the simulated temperatures, 

predicted by the model, until the SSE was minimized. The final values of the coefficients of the 

effective thermal conductivity, 𝛽𝑤𝑒𝑡 and 𝛽𝑑𝑟𝑦, are listed in Table 1. The response of the effective 

thermal conductivity, 𝑘𝐹(𝑇), to both temperature and extent of conversion is shown in a contour 

plot in Figure 9.   A comparison of the experimental and simulated temperature data in the Sol-

Char Sanitation prototype in Figure 10 shows the close fit of the model predictions to 

observation.  

 

Conclusions 

 A simple model for the disinfection of human feces was presented with experimental 

fitting of feces effective thermal conductivity.  This novel expression for the temperature-

dependence of thermal conductivity of human feces, or any wet-solid material, is proposed, and 

can should be improved in future work. Any unknown coefficients or values in the expression 

can be optimized by a least squares minimization of simulation results based on temperature 

traces from a representative experimental system, or, a more fundamental expression that 

includes the placement of feces in the receiver can be developed. The study presented here 

represents a demonstration of a method for developing and validating empirical models and for 

simulating complex processes using a simple model.  This model and improvements to it have 

potential utility as design tools for biomass disinfection and pyrolysis processes.  
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