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Abstract

A thermal balance modeling framework is developed, based on heat transfer-

resistance networks. The heat transfer model accounts for effects of digester-

design, location and operation, including effects of solar irradiance, external

heating and ambient climate. We demonstrate extendibility of the framework

by using the model in dynamic simulations of substrate temperature for digesters

comprising two very different designs. Digester designs modeled include fixed-

dome, buried, uninsulated and unheated household digesters in Hanoi, Vietnam,

and an industrial-scale anaerobic digester located at a wastewater treatment

plant in Esbjerg, Denmark. The modeled temperature profiles were evaluated

against measured substrate temperatures over long periods, from 7 months and

up. For the two Hanoi digesters, root-mean-square-error were 1.43 ◦C and

0.92 ◦C, with Nash-Sutcliffe model efficiency coefficients (NS-C) of 0.87 and 0.93

respectively. For the industrial digester in Esbjerg root-mean-square-error was

0.48 ◦C with an NS-C of 0.94. The model was not calibrated prior simulation,

suggesting good predictive performance.
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1. Introduction1

Approximately 3 billion people heat their homes and cook their food by burn-2

ing solid fuels over open fires, resulting in elevated air pollution levels indoors3

(WHO, 2016) causing more than 4.3 million premature deaths annually (WHO,4

2016). In these homes, biogas produced with low-cost unheated digesters can5

offer a cleaner and renewable alternative to solid fuel combustion. It is esti-6

mated that around 35 million domestic digesters have been built in South-,7

East- and Southeast Asia (Bruun et al., 2014; Rajendran et al., 2012), and8

China aims at reaching 80 million household digesters by 2020 (NDRC, 2007).9

Popular low-cost digester designs for household biogas production in Asia are10

the fixed-dome and floating drum digesters, whilst plug-flow polyethylene-bag11

digesters are emerging in many of the Latin American countries (Garf́ı et al.,12

2016; Mart́ı-Herrero et al., 2014).13

The aim for large, heated, industrial-scale digesters is to stabilize thermal14

performance of the digesters and predict the impact of management decisions15

on thermal fluctuations in the digester. In Denmark, more than 150 biogas16

plants have been established across several digester types, including community17

digesters, sewage plant digesters, and industrial biogas plants (Bundsgaard &18

Kofoed-Wiuff, 2014). For both simple and advanced designs in operation, ther-19

mal balance models can be used to forecast the digester temperature based on20

regional climate and weather reports as well as process conditions. Thermal21

balance models can also be especially useful prior construction and installation22

of new unheated household-scale digesters, to evaluate the need for insulation23

or auxiliary heating to maintain the digester temperature.24

Accurate prediction of temperature fluctuations in anaerobic digesters is of25

paramount importance, given that temperature is a key parameter as input for26

kinetic reaction models to estimate biogas yield. Digester temperature is known27
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to affect biogas production, and both low temperature and temperature fluctu-28

ations can substantially reduce production rates (Peck et al., 1986; Alvarez &29

Lidén, 2008; Massé et al., 2003). For heated digesters, with fixed and controlled30

temperature, the biogas yield is easily estimated with known kinetic models, and31

the main issue pertains to the amount of energy required to heat the digester.32

However, for unheated digesters the temperature of the system is not fixed a33

priori. Reactor temperature will therefore be dynamic, depending strongly on34

the interaction of the system with its surroundings. Thus, a thermal balance35

model permits estimating the energy requirements and the temperature at which36

anaerobic digestion will take place, and use it as input for mass balance- and37

kinetic models.38

Prior studies have developed heat balance models predominantly aimed at39

digester designs prevalent in semi-periphery and periphery countries. Axaopou-40

los et al. (2001) developed a 1-D thermal balance model coupled to a metha-41

nation model developed by Chen & Hashimoto (1978), used for underground42

solar panel heated digesters. Gebremedhin et al. (2005) developed a similar43

model, including the contributions of heat supplied by solar insolation and heat44

exchange with the ground, to manage plug-flow digesters at steady tempera-45

ture. Perrigault et al. (2012) presented a 1-D thermal balance model for small46

buried, tubular, plug-flow PVC digesters covered by a greenhouse. The model,47

written in MATLAB, was developed for and evaluated against an experimental48

digester located on the peruvian Altiplano, in a cold climate known to experience49

significant diurnal temperature fluctuations. All major modes of heat transfer50

were exhaustively modeled including solar insolation, radiative heat transfers,51

convective heat transfers, heat exchange with the soil as well as heat transfer52

caused by mass flow in- and out of the reactor. Comparing slurry tempera-53

ture data from the experimental digester in Cusco, Peru, to those predicted by54

the model gave a standard error of 0.47 ◦C after calibration of the model to55

measured slurry temperatures, over a 5 d period. A similar 1-D finite-difference56

model was developed for buried, unheated, fixed-dome digesters by Terradas-Ill57

et al. (2014).58
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The development of heat transfer models for anaerobic digestion systems59

have generally been centered around modeling a single geometry, and evaluated60

over short periods of time (< 1 month). The aim of this study was to develop61

a model that could be used as a decision-support tool for improving thermal62

performance of existing digesters, and to design new digesters. To achieve this63

aim, we have developed a new and flexible resistance network-based heat trans-64

fer model. Through a conceptual framework the heat transfer model can be65

applied to predict reacting material temperature for different digester geome-66

tries and configurations. Specifically, we have addressed the aim through four67

objectives: 1) develop a simple but accurate thermal balance model that can be68

applied to various digester geometries and types without prior calibration, 2)69

evaluate the model by comparison to experimental observations over long peri-70

ods (> 7 months), 3) demonstrate flexibility by modeling very different digester71

designs, from unheated, uninsulated household-scale to complex industrial-scale72

anaerobic digestion reactors and 4) build the model as a self-contained entity,73

with all sub-models presented and included in the coded version of the model.74

This is done with a view to facilitating the use of the model as a decision-support75

tool, irrespective of hardware performance and access to internet.76

2. Materials and Methods77

2.1. Model development78

The heat resistance network-based thermal balance model is aimed for simple79

and complex digester types, and was developed with view to: 1) minimizing the80

use of non-trivial input parameters, which may not be available in some regions81

of semi-periphery and periphery countries; 2) reducing the complexity of the82

model sufficiently to give near-instantaneous model solutions to the user; and83

3) developing a model with good predictive performance that does not rely84

on model calibration. Input parameters for the model are given in Table 1.85

The model was developed in Mathematica R©10.4.1.0 (Wolfram Research, Inc.,86
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Champaign, IL, USA). A simplified version of the code has been written in the87

open-source language R.88

Table 1: Input parameters for the heat transfer resistance network-based model

Location Digester Material flows Ambient Simulation Control

Longitude Surface area of digester walls and cover Inlet flowrate Air temperature Start date

Latitude Volume of liquid medium Inlet temperature Wind speed Days of Simulation

Meters above sea level Level of liquid medium in digester Sky Transmissivitya Time step

Time zone from GMT Digester tank wall material Initial conditions

Characteristics of insulation

Placement

Auxiliary heating

a Sky transmissivity (or coefficient of transmissivity) describes the atmospheric transmission of solar irradiance. On cloudy or foggy days, the

transmissivity of the atmosphere decreases.

2.1.1. Model assumptions89

To develop a flexible and computationally fast thermal model a number of as-90

sumptions were made. These are as follows:91

1. Each element is characterized by a single temperature (substrate, air, sky).92

This also implies that thermal gradients in the slurry are negligible, as sug-93

gested by studies of thermal gradients in Danish storage tanks containing94

digested municipal organic waste, covered with floating straw (Hansen95

et al., 2006).96

2. Soil temperature is assumed to vary by depth, considering damping of os-97

cillations and increasing time-lags as a function of depth. The temperature98

at any given depth is however considered constant across the horizontal99

plane.100

3. Soil thermal properties are considered uniform, independent of depth and101

time.102

4. Heat transfer by evaporation from bulk liquid volume is negligible (Kishore,103

1989).104

5. The coefficient of transmissivity in the solar irradiance sub-model is con-105

stant over the year and based on average conditions of the regional climate.106
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6. Slurry volume is considered constant throughout the simulation, i.e. the107

feeding rate of influent feedstock equals that of the effluent digestate.108

7. The substrate has the same thermal properties as water.109

8. Surface-to-surface radiation inside the digester is negligible.110

9. Gas in the digester head-space does not absorb heat radiated in the system.111

10. Microbial heat generation is negligible under anaerobic conditions. Differ-112

ent pathways of methanogensis will have different enthalpies of reaction,113

including endothermic and exothermic contributions (Daverio et al., 2003;114

Fey & Conrad, 2000). Overall, the anaerobic digestion process is under115

many circumstances weakly exothermic, however insignificant compared116

to other heat transfer flows in the system, why it is frequently consid-117

ered negligible in the literature of thermal balance models for anaerobic118

digesters (Perrigault et al., 2012; Weatherford & Zhai, 2015; Gebremedhin119

et al., 2005; Gebremedhin & Inglis, 2007; Terradas-Ill et al., 2014).120

11. The cover is considered a radiation-shield, limiting radiative heat transfer121

between the digester substrate and the sky.122

12. Convective heat transfer coefficients are constant.123

2.1.2. Substrate energy balance and conceptual overview124

In this resistance network-based model, only the temperature of the substrate

is explicitly modeled. An energy balance is developed, which reduces to an

ordinary differential equation (Eq. 1).

ρCpVsub
dT

dt
=
∑

QADV,feeds−sub +
∑

QRAD,sky−sub +
∑

QIRR

+
∑

QCON,air−sub +
∑

QCON,gr−sub +
∑

Qheating

(1)

where ρ is the density of the digester substrate (kg m−3), Cp is the specific125

heat capacity of the substrate (J kg−1 K−1) and Vsub is the volume of the sub-126

strate (m3). dT/dt is the time-derivative of temperature, where T is temper-127

ature (K), and time t (s). Rate of heat loss (or gain), is given by Q (W),128

where QADV,feeds−sub is heat transfer by advection with influent substrates,129

QRAD,sky−sub refer to heat exchange by radiative heat transfer between the130
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sky and the substrate, and QIRR is heat gain by solar irradiance. The terms131

QCON,air−sub and QCON,gr−sub refer to heat transfer from the ambient air tem-132

perature and by heat exchange with surrounding soil, respectively (subscript133

CON denotes resistance lumped convection/conduction modes of heat transfer).134

Qheating is heat gain by methods of external heating, such as heat exchangers135

and boilers.136

To ensure flexibility and fast computational execution, the model was de-137

veloped as a 1-D time-dependent model. Each heat transfer rate in Eq. 1138

is represented as a series of heat transfer resistances lumped into overall heat139

transfer coefficients. The addition of extra insulation or radiation shields can140

thus easily be included by modifying the thermal resistances. A schematic of141

the two systems used for evaluation of the model (including resistances for con-142

vective, conductive, radiative and advective heat transfers, solar irradiance and143

the corresponding heat transfer rates from Eq. 1) is given in Fig. 1.144

2.1.3. Solar irradiance sub-model145

The global solar irradiance Stot (W m−2) at a given point in time was calculated146

as the sum of direct irradiation on a horizontal surface (Sb), and the diffuse147

irradiation on a horizontal plane from the sky (Sd), given in Eq. 2 (Campbell148

& Norman, 1998).149

Stot (t) = Sb (t) + Sd (t) (2)

Reflected radiation Sr (albedo) was calculated as the product of the global150

solar irradiance, Stot, and a surface reflectance coefficient, Γ (dimensionless)151

(Campbell & Norman, 1998).152

Sr (t) = ΓStot (t) (3)

According to Campbell & Norman (1998), the reflectivity coefficient Γ is 0.24153

to 0.26 for grass and 0.08 to 0.18 for bare soils. The solar irradiance on tilted154

surfaces is given by Eq. 4 (Honsberg & Bowden, 2017).155
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Figure 1: Setup of a resistance network-based, time-dependent, thermal balance model. R =

∆x/k denotes conductive layer resistance, where ∆x (m) is the thickness of the conducting

material, and k (W m−1 K−1) is thermal conductivity of the material. Rcnv (i−j) = 1/hi−j

indicates convective heat transfer resistance between elements i and j, where h (W m−2 K−1)

is the convective heat transfer coefficient. GRR (m−2) and SRR (m−2) are geometric and

surface radiation resistances, respectively. Subscripts, a = air, c = cover, w = wall, g = gas,

gr = ground and s and sub = substrate. Heat transfer rates Q are marked according to Eq.

1, adjacent to their corresponding resistor network, for (a) fixed-dome digesters in Hanoi,

Vietnam, and (b), industrial anaerobic digester at Esbjerg wastewater treatment plant.
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Stilted = Sincident
sin (α+ β)

sinα
(4)

Where α is the sun’s elevation angle, and β is the angle of the tilt of the plane156

to the horizontal surface. The total solar heat flux q′′solar (W m−2) is the sum157

of the global irradiance and albedo radiation:158

q′′solar (t) = Stot (t) + Sr (t) = Sb (t) + Sd (t) + Sr (t) (5)

Heat gain by solar irradiance QIRR is calculated as the product of the solar heat159

flux q′′solar, surface area A (m2) of element exposed to the solar irradiance, and160

that element’s absorptivity η (dimensionless) (Eq. 6).161

QIRR = q′′solarAη (6)

The heat flux by direct irradiation on a horizontal surface was calculated as

the direct irradiation on a plane perpendicular to the solar beam, Sp (W m−2),

multiplied by the sine of the sun’s elevation angle θ (Gebremedhin et al., 2005;

Terradas-Ill et al., 2014).

Sb = Sp sin θ (7)

Campbell & Norman (1998) reported that Sp could be calculated as the product

of the extraterrestrial flux density normal to the solar beam, and the coefficient

of transmissivity raised to the power of the optical air mass number (Eq. 8).

Sp = Sp0a
m (8)

where Sp0 is the extraterrestrial flux density normal to the solar beam (in this162

model set as a constant 1360 W m−2 (Campbell, 1977)), a is the coefficient of163

transmissivity (dimensionless) and m is the optical air mass number (dimen-164

sionless). In this model, a was constant, set to reflect the average conditions of165

atmospheric transmissivity (Campbell, 1977).166
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Assuming negligibility of atmospheric refraction effects, the optical air mass

number m used was that given by Campbell & Norman (1998):

m =
P
P0

sin θ
(9)

P and P0 are the pressures at the location of the site and at sea-level respectively.167

P0 is assumed equivalent to a standard atmosphere (101 325 Pa, Mohr et al.168

(2015)) Numerous models exists that calculates the atmospheric pressure as a169

function of altitude. In this model, P (Pa) was found by Eq. 10 (Wallace &170

Hobbs, 2006).171

PZalt
= P0 exp (−Zalt/8000) (10)

where Zalt refers to the altitude of the location in meters above sea-level (m).172

The sun’s elevation angle θ (Eq. 7 and Eq. 9) is a function of location latitude173

lt (◦), the solar declination angle δ (◦), and the hour angle, Ω (◦) (Campbell &174

Norman, 1998).175

θ = arcsin (sin lt sin δ + cos lt cos δ cos Ω) (11)

The solar declination angle δ is given by:176

δ = 23.45× 2π (doy + 284)

365
(12)

where doy denotes the day of year. The hour angle, Ω of Eq. 11, is given by177

Ω = 15 (LST − 12) (Honsberg & Bowden, 2017), where LST is the local solar178

time given by Honsberg & Bowden (2017):179

LST = LT +
TC

60
(13)

LT refers to the local time at the location and TC is a time-correction factor180

as used by Honsberg & Bowden (2017) – a function of the equation of time181
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(EoT, in min) and the Local Standard Time Meridian (LSTM, Eq. 14 – Eq.182

17). ∆tGMT is the difference from Greenwich Mean Time to the Local Time183

(h) (Honsberg & Bowden, 2017).184

TC = 4 (lo − LSTM) + EoT (14)

EoT = 9.87 sin (2B)− 7.53 cos (B)− 1.5 sin (B) (15)

where185

B =
2π

365
(doy − 81) (16)

and186

LSTM = 15∆tGMT (17)

2.1.4. Heat transfer by advection187

Heat gained (or lost) by advection with influent substrate, QADV,feed−sub, was188

calculated based on the principles of thermodynamics (Eq. 18).189

QADV,feed−sub = ṁfeedCp,sub (Tfeed − Tsub) (18)

where ṁfeed is the mass flow rate of influent feedstock (kg s−1) on a given190

day, Cp,sub is the specific heat capacity of the substrate (J kg−1 K−1), Tfeed is191

the temperature of the influent feed (K), and Tsub is the temperature of the192

substrate already in the digester (K). Influent feedstock was assumed to be of193

the same thermal properties as the substrate in the digester.194

2.1.5. Convective and conductive heat transfer195

Convective and conductive heat transfers are lumped into an overall heat trans-196

fer coefficient, Ui−j (W m−2 K−1). The heat transfer rate is calculated by Eq.197

19.198
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QCON,i−j = AUi−j∆T (19)

where A is the area available for heat transfer between elements i and j (m2),199

and ∆T is the temperature difference between the elements (K). For convective200

and conductive heat transfer, thermal resistances are given by Eq. 20 and Eq.201

21, respectively.202

RCNV =
1

hi−j
(20)

RCND =
∆x

k
(21)

where hi−j is the convective heat transfer coefficient between bulk fluid i and203

element j (W m−2 K−1), ∆x is the thickness of the conducting layer (m), and k204

is the thermal conductivity of the layer material (W m−1 K−1). The overall heat205

transfer coefficient U is subsequently calculated by summing the heat transfer206

resistances according to the design of the system.207

U =
1∑n

i=1 (RCNV,i) +
∑n
i=1 (RCND,i)

(22)

2.1.6. Forced convective heat transfers208

The magnitude of heat transfer rates governed by forced convection is dependent209

on the fluid velocity. Consequently, the convective heat transfer coefficient must210

be repeatedly updated to match the ambient conditions, in scenarios where211

forced convection is present. The average Nusselt number over a flat plate and212

for cross flow over a cylinder were reported by Cengel (2007) (Eq. 23 and 24):213

NuCyl =

((
Re

282000

)5/8
+ 1
)4/5 (

0.62 3
√

Pr
√

Re
)

4

√(
0.4
Pr

)2/3
+ 1

+ 0.3 (23)
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NuFlatP late = 0.037 Re0.8
3
√

Pr (24)

Where Re is the Reynolds number and Pr is the Prandtl number, both of which214

are dimensionless. The models herein runs using that Pr = 0.7, and Re given215

by:216

Re =
vLc
ν

(25)

In Eq. 25 v is the fluid velocity (m s−1), Lc is the characteristic length of the217

geometry defined as the roof diameter (m) and ν is the kinematic viscosity of218

the fluid (m2 s). The forced convection coefficient is then given by:219

h =
k

Lc
Nu (26)

The heat transfer rate is then calculated as outlined in section 2.1.5.220

2.1.7. Radiative heat transfer221

Radiative heat transfer with the sky is included in the model under the as-222

sumption that the digester walls function as a radiation shield of the substrate223

(Incropera et al., 2013). Based on the radiation network approach, resistance to224

radiative heat transfer is characterized by either a geometric resistance (a fea-225

ture of the view factor), surface radiative resistance (dependent on emissivity226

i.e. the material properties of the element), or the summation of several such227

resistances. The concept of these radiative resistances is analogous that of a228

lumped overall heat transfer coefficient containing layer conduction resistance229

terms ∆x/k and convective heat transfer resistance terms 1/h. The schematic230

layout of radiative resistances shown in Fig. 1, between the effective sky tem-231

perature Tsky (K) and the substrate temperature Tsub (K), is given by Cengel232

(2007) (Eq. 27).233
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QRAD,sky−s =
σ
(
T 4
sky − T 4

s

)
1−εsky

Askyεsky
+ 1

AskyFsky,c
+

1−εc(top)
Acεc(top)

+
1−εc(bottom)

Acεc(bottom)
+ 1

AcFc,s
+ 1−εs

Asεs

(27)

where σ is the Stefan-Boltzmann constant (σ = 5.670 37× 10−8 W m−2 K−4,234

Mohr et al. (2015)) εi (dimensionless) is the emissivity of the element, Ai is the235

surface area of element i (m2), and Fi,j is the view factor from i to j. Assuming236

that the sky is a perfect black-body of effective sky temperature Tsky (εsky =237

1), applying the reciprocity relation on geometric resistance 1/AskyFsky,c and238

noting that Fc,sky = 1, Eq. 27 reduces to Eq. 28, which is used in this model:239

QRAD,sky−s =
σ
(
T 4
sky − T 4

s

)
1
Ac

+
1−εc(top)
Acεc(top)

+
1−εc(bottom)

Acεc(bottom)
+ 1

AcFc,s
+ 1−εs

Asεs

(28)

The view factor between digester cover and substrate surface was calculated240

using the view factor formula for two parallel, coaxial disks of radius ri (m) and241

rj (m) separated by distance ∆x (m) (Cengel, 2007).242

Ri =
ri

∆x
(29)

Rj =
rj
∆x

(30)

S = 1 +
1 +R2

j

R2
i

(31)

Fi,j =
1

2

S −
[
S2 − 4

(
rj
ri

)2
] 1

2

 (32)

An expression for the effective sky temperature, Tsky is derived from the study243

of long-wave radiation from clear skies by Swinbank (1963), and given by:244

Tsky = 0.0552 · T 3/2
air (33)
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2.1.8. Soil temperature profile submodel245

Heat transfer in soil is much different than in air, given a more prominent ther-246

mal capacitance. Consequently, heat transfer in soils, and thus soil temperature,247

needs to take spatio-temporal effects on heat transfer into account, especially248

as a function of depth. The canonical approach is to consider the soil an infi-249

nite solid of uniform thermal properties. The thermal mass of the soil will then250

cause damping of thermal fluctuations and increasing time-lags, as a function251

of increasing depths. The soil temperature profile was calculated according to252

Eq. 34, which Campbell & Norman (1998) derived based on the assumption of253

1-D heat transfer down through the depths of the soil — given homogeneous254

thermal properties of the soil over space and time — resulting in an expression255

for the soil temperature, Tgr (z, t) (K), as a function of vertical depth z (m) and256

time t (hour).257

Tgr(z, t) = T sur + φ exp

(
−z
D

)
sin

(
2π

365
(t− t0)− z

D
− π

2

)
(34)

D =

√
2 · αsoil
ω

(35)

αsoil =
ksoil

ρsoilCp,soil
(36)

ω =
2π

365 · 24 · 3600
(37)

T sur is the annual average soil surface temperature (K) and φ is the amplitude258

of the sine curve describing the annual soil surface temperature (K), both found259

by fitting a sine curve to the input air temperature data file. Variable t0 (h) is a260

phase constant, which was set to the number of hours from the beginning of the261

year to the coldest hour of the year. The damping depth D (m) is calculated262

using the thermal diffusivity (α, m2 s−1) of the soil and the angular frequency263

(ω, s−1), the duration of the annual temperature cycle).264

Traditionally, the annual average soil surface temperature T sur and the am-265

plitude of the annual soil surface temperature fluctuations φ are found directly266

from the mean air temperature, and maximum- and minimum air temperatures267
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of the input air temperature dataset. However, setting the annual amplitude by268

this approach may lead to fitting the sine-curve of the soil temperature-profile269

to the annual air temperature extremes, only valid for short periods of the year.270

Therefore, instead we found T sur, φ and phase t0 by fitting a sine-curve to the271

input air temperature data (not model calibration). This approach leads to the272

average best predictions of the soil-temperature sub-model over the year, as it273

does not fix the soil model to capture temperature extremes.274

2.1.9. External heating275

Heat supplied to the substrate by external means is accounted for by the variable276

Qheating in the energy balance in Eq. 1. The rate of heat transferred directly277

to the substrate is given in Watts (W). For unheated digesters Qheating = 0.278

If heat is supplied by recirculation of substrate through a heat-exchanger back279

into the digester, Qheating can be calculated using Eq. 18, replacing Tfeed with280

the temperature of the outgoing stream of the heat-exchanger (recirculating281

back into the digester) and ṁfeed with the mass flow-rate of the same outgoing282

stream. Alternatively Qheating can be assigned a fixed value (in Watts), when283

modeling scenarios where heating is supplied continuously.284

2.2. Experimental datasets285

Slurry temperature predictions from our resistance network-based model286

were compared to observational data from two, buried, uninsulated, unmixed287

and unheated fixed-dome digesters located at the Thuyphuong Pig Research288

Centre, National Institute of Animal Science, Hanoi, Vietnam (21◦04’53.6” N289

105◦46’07.7” E, recorded data kindly provided by Pham et al. (2014)). The290

research station is located 100 m above sea-level in a humid subtropical climate,291

with average minimum and maximum temperatures of 19.0 ◦C and 31.0 ◦C, re-292

spectively, from January 1st 2006, to January 1st 2014. Temperature data in the293

experimental fixed-dome digesters was recorded in 30 min intervals, from July294

2012 to March 2013. Minimum and maximum air temperatures in the period295

were 9.0 ◦C and 37.0 ◦C, respectively.296
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The two biogas digesters were constructed from a composite material (fiber-297

glass) with a total volume of 7 m3 and a working volume of approximately 5 m3.298

The digesters were buried to a depth of 2.6 m such that only the digester cover299

was exposed to the ambient atmosphere, leveled with the soil surface. Pig ma-300

nure was used as feedstock, with 0.6 % to 1.16 % dry matter, feeding rate of301

0.14 m3 d−1, and hydraulic retention time (HRT) of 40 d.302

On-site measurements of ambient air temperature are seldom available in303

the regions where this type of digester typically operates. Instead data from304

nearby weather stations or airports can be used. For this study air temperatures305

supplied as input to the model were obtained from Noi Bai International Airport,306

Hanoi, Vietnam (21◦13’13.9” N 105◦47’49.3” E), located approximately 15 km307

from the Thuyphuong Pig Research Centre (a difference in elevation of 88 m308

over the distance). Data was retrieved through Wolfram Alpha LLC (Wolfram309

Research, Inc., Champaign, IL, USA), at hourly resolution, covering the period310

from January 1st 2012 to January 1st 2014. Missing data were not interpolated,311

instead the nearest foregoing air temperature was used (11.7 % of the entries in312

the air temperature dataset from Hanoi were missing).313

Digester temperature predictions from our heat resistance network-based314

model were also compared with measurements from an industrial-scale anaerobic315

digester (named RT1A) located at the wastewater treatment plant Renseanlaeg316

Vest, Esbjerg, Denmark (55◦29’18.5” N 8◦25’50.9” E). Technical drawings of the317

anaerobic digester as well as temperature and mass-flow sensor measurements318

in the period from January 1st 2016 to May 24th 2017 were kindly provided by319

Lisbet Adrian from DIN Forsyning A/S at 5 min-resolution, for the purpose of320

evaluation of this model. Measurements of air temperature and wind speed were321

obtained at hourly resolution from Esbjerg Airport (55◦31’30.5”N 8◦33’07.2”E,322

located approximately 8.5 km from the wastewater treatment plant, with a dif-323

ference in elevation of 17 m over the distance), through Wolfram Alpha LLC324

(Wolfram Research, Inc., Champaign, IL, USA). For the air temperature dataset325

from Esbjerg Airport 2.4 % of the entries were missing, and 2.3 % were missing326

from the wind speed dataset. RT1A is of cylindrical geometry (15.6 m in diame-327
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ter and 13.5 m tall), constructed in 40 cm concrete, and placed inside a thermal328

envelope 1.75 m from the outer wall of the digester. The working volume is max.329

2500 m3, with a hydraulic retention time in RT1A of about 20 d, before being330

moved to a different reactor.331

2.2.1. Statistics and predictive performance332

Predictions of slurry temperature from the model were compared to experi-333

mental data from two fixed-dome digesters in Hanoi, Vietnam, and a third334

industrial-scale digester at a wastewater-treatment plant in Esbjerg, Denmark.335

All statistical analysis were performed in version 10.4.1.0 of Mathematica R©.336

Evaluation was done using linear regression, root-mean-square-error (RMSE),337

mean absolute error (MAE), and Nash-Sutcliffe Model Efficiency (NS-C) (see338

e.g. Dincer et al. (2015) and Nash & Sutcliffe (1970)).339

3. Results and Discussion340

3.1. Simulation input parameters for fixed-dome digesters in Hanoi341

Input parameters for the model applied to the unmixed, unheated and uninsu-342

lated fixed-dome digesters in Hanoi, Vietnam, are presented in Table 2. The343

simulation was run for 500 d starting January 1st 2012, using a time-step of344

15 min. The two variables for the soil sub-model, T sur and φ were regressed345

and found to be 297.22 K (24.07 ◦C) and 6.84 K respectively, based on the input346

dataset as described earlier. Albedo radiation from the ground was neglected, as347

the digester cover was leveled with the soil’s surface (Terradas-Ill et al., 2014),348

and therefore Sr = 0⇒ q′′solar = Sb + Sd.349

Data regarding the feeding of slurry to the digester and influent slurry tem-350

perature were collected as a part of the dataset from Pham et al. (2014). On351

days where feeding was done, advection was included in the energy-balance of352

the slurry. It was assumed that the effluent stream of the digester is of equal353

volume and time-profile as the influent substrate, such that the slurry volume354

in the digester is constant over the entire time-domain. Furthermore, the coef-355

ficient of transmissivity of the solar sub-model was set to 0.79, corresponding356
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Table 2: Input parameters for model evaluation of the Hanoi digesters.

Location settings

Parameter Value Parameter Value

Longitude (◦) 105.8 Meters above sea-level (m) 100

Latitude (◦) 21.1 Time zone from GMT (h) +7.0 GMT

Digester settings

Parameter Value Parameter Value

Height of digester (m) 2.6 Cover thickness (m) 0.005

Radius of digester (m) 0.93 Insulation thickness (m) 0 (Uninsulated)

Digester wall thickness (m) 0.005 Placementa (m) -2.6

Cover area (m2) 0.84 Slurry volume (m3) 5.9

Thermal- and radiative properties of the elements

Parameter Value Parameter Value

Thermal conductivity of digester walls (W m−1 K−1) 0.035 Emissivity of the cover (-) 0.75

Density of substrate (kg m−3) 1000 Emissivity of the substrate (-) 0.67

Specific heat capacity of the substrate (J kg−1 K−1) 4179 Absorptivity of the cover (-) 0.75

Soil thermal diffusivity (m2 s−1) 8.0× 10−7

a The depth at which the bottom of the digester is located. When the height of the digester equals the absolute value of placement, then the cover

will be level with the soil surface.

to an average overcast day. Convective heat transfer coefficients between the357

elements were assumed to be constant. The convective heat transfer coefficients358

were determined by running the model including calculations of free convection359

coefficients (data not shown). This complicates execution and increases com-360

putation time significantly (many hours), and therefore an average convection361

heat transfer coefficient was calculated for heat transfer between each pair of in-362

terfaces, hcov−air = 3.55 W m−2 K−1, hcov−gas = 2.15 W m−2 K−1, hgas−wall =363

2.70 W m−2 K−1, hgas−sub = 2.20 W m−2 K−1, hsub−wall = 177.25 W m−2 K−1364

and hsub−floor = 244.45 W m−2 K−1. Lastly, the initial temperature of the365

slurry was set to 273.15 K, and the variable containing ambient air temperature366

was set to the air temperature at the time, as its initial value.367

3.2. Simulation input parameters for industrial digester in Esbjerg368

Simulation of the industrial anaerobic digesters at the local wastewater treat-369

ment plant in Esbjerg was run for 596 d starting October 6th 2015, using time370

increments of 15 min. The digester is located in a thermal envelope (Fig. 1b),371
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made from a 0.9 mm aluminum profile, and 12.5 cm of mineral wool, with ther-372

mal conductivities of 237 W m−1 K−1 and 0.04 W m−1 K−1 respectively. Con-373

crete used for digester walls were modeled with k =1.80 W m−1 K−1. Convective374

heat transfer coefficients were the same as those used for modeling the fixed-375

dome digesters in Hanoi. T sur and φ were regressed and found to be 284.50 K376

(11.35 ◦C) and 7.87 K respectively. The kinematic viscosity of air was set to377

15.11× 10−6 m2 s−1.378

Table 3: Input parameters for model evaluation of the industrial digester in Esbjerg.

Location settings

Parameter Value Parameter Value

Longitude (◦) 8.6 Meters above sea-level (m) 30

Latitude (◦) 55.5 Time zone from GMT (h) +1.0 GMT

Digester settings

Parameter Value Parameter Value

Height of digester (m) 13.5 Placementa (m) -0.5

Radius of digester (m) 7.8 Slurry volume (m3) 2500

Digester wall thickness (m) 0.4

Insulation thickness Thermal envelope – see text

Thermal- and radiative properties of the elements

Parameter Value Parameter Value

Thermal conductivity of digester walls (W m−1 K−1) 1.80 Emissivity of the cover (-) 0.75

Density of substrate (kg m−3) 1000 Emissivity of the substrate (-) 0.67

Specific heat capacity of the substrate (J kg−1 K−1) 4179 Absorptivity of the thermal envelope (-) 0.55

Soil thermal diffusivity (m2 s−1) 8.0× 10−7

In this design albedo radiation from the ground was included in the heat balance379

of the digester walls, but not for the cover. As a consequence, the solar-submodel380

was split into three parts; 1) the cover, where both direct and diffuse insolation is381

included, thus Sr = 0⇒ q′′solar = Sb+Sd, 2) the sides (in the shadow), that does382

not recieve any direct sunlight, Sb = 0 ⇒ q′′solar = Sd + Sr, and 3) the sides of383

the digester facing directly towards the sun, in these cases, q′′solar = Sb+Sd+Sr.384

Whenever the albedo radiation was included in the calculation, the reflectivity385

coefficient Γ was set to 0.15, corresponding to the average reflectivity in urban386

areas (Campbell & Norman, 1998).387
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3.3. Evaluation of the resistance network-based thermal model388

The two unheated digesters in Hanoi were of the same type and geometry, and389

substrate was fed in equal amounts to the two digesters. The temperatures390

predicted were compared to the measured daily mean slurry temperature in391

each of the two digesters, in the period from July 2012 to March 2013 (Fig. 2a).392

In most cases, model error is within 2.0 ◦C, which is an acceptable accuracy393

given the model does not require any calibration. For both digesters it can394

be seen that while the summer temperatures are generally predicted well by395

the model, the temperatures in the coldest month of the year, January 2013,396

are captured to lesser extent. In this month, predicted slurry temperature in397

digester 1 was 21.1 ◦C and the measured slurry temperature was 17.1 ◦C, whereas398

for digester 2 the predicted slurry temperature was 20.8 ◦C and the measured399

slurry temperature was 18.1 ◦C. Hence the model overestimated the digestion400

temperature by 3.0 ◦C and 2.7 ◦C in digester 1 and 2 respectively, during the401

cold season.402

Plotting measured- versus predicted slurry temperatures in scatterplots indi-403

cates a systematic non-linear error (Fig. 2a insets) for the two Hanoi digesters.404

Despite this observation, a linear regression of the data yields a high coefficient405

of determination: R2 = 0.940 and R2 = 0.947 for Hanoi 1 and Hanoi 2 re-406

spectively (Table 4). This is close to the evaluated performance of the model407

developed by Terradas-Ill et al. (2014) where R2 = 0.96. However, in their408

study only a subset of the data available was used for the evaluation, and model409

prediction compared to observational data in the period from end December410

2012 to end January 2013 was not a part of the model evaluation. This could411

be sufficient to explain the marginally lower R2-value of the model developed412

here, given that the two models are evaluated on the same experimental dataset.413

The linear regression analysis also indicates that for neither digester does the414

95 % confidence interval of the parameter estimate of the slope suggest a 1:1415

correlation between the predicted and measured slurry temperatures (Table 4).416

The non-linearity of the residual error between predicted and measured slurry417

temperatures is also seen in the time-series plots of the simulation results in Fig.418
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2a. The predicted slurry temperatures follow a clear sinusoidal pattern, about419

which the measured slurry temperatures vary.420

(a)

(b)

Figure 2: Predicted and measured slurry temperatures for (a) Hanoi 1 and Hanoi 2, (b)

Esbjerg 1. Insets are the corresponding scatter plots of predicted- versus measured slurry

temperatures. Plots have been cropped to the densest region of datapoints.
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Table 4: Linear regression analysis of model evaluation scatterplots

Digester No. Parameter Parameter Estimate Standard error
Confidence Interval

R2

Lower 95% Upper 95%

Hanoi 1
Slope 1.268 0.023 1.222 1.314

0.940
Intercept -6.006 0.584 -7.158 -4.855

Hanoi 2
Slope 1.123 0.019 1.087 1.160

0.947
Intercept -2.722 0.457 -3.622 -1.822

Esbjerg 1
Slope 1.006 0.008 0.990 1.023

0.966
Intercept -0.536 0.325 -1.174 0.103

An explanation for the systematic non-linear residual error observed in the421

insets of Fig. 2a could be that the majority of surface area available for heat422

transfer (17.9 m2, approximately 95.5 % of the total surface area available for423

heat exchange with the surroundings) is located below ground. As the soil tem-424

perature profile is essentially governed by a sinusoid function, the non-linear425

error could be caused by systematic over- or underestimation of the soil tem-426

perature by the sine-curve. This is further supported by a strong linear rela-427

tionship between predicted slurry temperatures and predicted soil temperatures428

(R2 = 0.996, slope = 0.919, 95 %-confidence interval = {0.917, 0.921}, graph429

not shown). A similar observation was made by Terradas-Ill et al. (2014), who430

suggested that substrate temperatures in buried, unheated and uninsulated di-431

gesters, can be predicted based on the measured (or predicted) soil temperature.432

Overall model accuracy for buried digesters hence becomes dependent on the433

accuracy of the soil-submodel. In this model, amplitude of soil surface tempera-434

ture fluctuations were calculated by parameter estimates of the least-squares fit435

of a sine-function to the ambient air data. Consequently, temperatures at the436

extremes of the annual air temperature amplitude are likely not to be captured437

by the model (as indicated by Fig. 2a). Alternatively the two input parame-438

ters, φ and T sur, could have been calculated directly from the air temperature439

dataset as discussed earlier, however, this approach would lead to good fits near440

the annual temperature extremes but not during the rest of the year (results441

not shown). Therefore the former approach was used in this study.442
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For the industrial-scale digester at Esbjerg wastewater treatment plant (Esb-443

jerg 1 ), air temperatures were obtained from Esbjerg Airport and input parame-444

ters are given in Table 3. As depicted in Fig. 1b, the setup and configuration was445

more complex than for the Hanoi digesters, now including a thermal envelope,446

additional external heating as well as albedo radiation and forced convection447

from winds. The time series of predicted and measured slurry temperatures are448

presented in Fig. 2b, where the inset is the associated scatter plot demonstrat-449

ing a clear linear correlation. Predictions of slurry temperature in the digester450

were generally in good agreement with measured slurry temperatures, except451

for few observations in February and March 2016 that may have been caused452

by inaccurate instrument readings. Unlike the Hanoi digesters, a linear regres-453

sion analysis of predicted and measured slurry temperatures in Fig. 2b (inset),454

suggests a direct 1:1 correlation between predicted- and measured slurry tem-455

peratures, with R2 = 0.966. Predictive performance was better than for the456

Hanoi digesters, with a Nash-Sutcliffe Model Efficiency coefficient of NS-C =457

0.94. Despite the increased complexity of the system, the proposed model per-458

forms well.459

The root-mean-square-error of the resistance-network heat transfer model460

were for all three digesters modeled, within 2.0 ◦C (Table 5). The mean bias461

error is negative for evaluations of Hanoi 1 and Hanoi 2, suggesting that the462

model, on average, under-predicts measured slurry temperatures by 0.018 ◦C463

and 0.009 ◦C respectively. Model predictions for Esbjerg 1 on average slightly464

over-predicts slurry temperature (MBE = 0.008 ◦C). Thus, the model does465

not appear to induce large, systematic biases on model predictions, for the466

evaluated digester types. The Nash-Sutcliffe Model Efficiency Coefficient, used467

to assess model predictive performance, were 0.87, 0.93 and 0.94 for Hanoi 1,468

Hanoi 2 and Esbjerg 1 respectively, suggesting that the model is by far a better469

predictor than the mean slurry temperature (1 = perfect match). All evaluations470

were perfomed including outliers, and the model may thus perform better than471

described here.472

A direct comparison between this heat transfer resistance-network model473
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Table 5: Evaluation of the resistance-network based thermal model and predictive performance

Digester No.
Mean absolute error Mean bias error RMSE NS-C

[◦C] [×10−3 ◦C] [◦C] [ − ]

Hanoi 1 1.25 -1.81 1.43 0.87

Hanoi 2 0.77 -0.85 0.92 0.93

Esbjerg 1 0.32 0.81 0.48 0.94

and other thermal balance models previously made available in the literature474

(Perrigault et al. (2012); Terradas-Ill et al. (2014); Weatherford (2010)), is dif-475

ficult. This is primarily owing to differences in the accuracy- and predictive476

performance evaluation methods, but also differences in the purpose of the mod-477

els. Models for specific digester designs and climate conditions can be calibrated478

more precisely to obtain better results – but should be avoided for models whose479

purpose is flexibility.480

3.4. Analysis of heat transfers481

The development of a time-resolved resistance-network thermal heat bal-482

ance model allows detailed analysis of heat transfer rates for each of the ther-483

mal resistances present in the model. We earlier hypothesized that for buried,484

uninsulated and unheated digesters, heat transfer between the digesters and sur-485

rounding soil would be the dominant heat transfer interface, given the strong486

correlation between predicted slurry temperatures and the temperature of the487

surrounding soil. Similarly, for the industrial-scale digester in Esbjerg we would488

hypothesize that process conditions in the reactor dwarfs other heat flows in the489

system. To test these hypotheses, we separately extracted all heat transfer rates490

from the respective systems, over the same duration as used for model evalua-491

tion. For the Hanoi digesters this was in the period from July 2012 to March492

2013, and for the Esbjerg digester, from January 2016 to May 2017. We then493

grouped each heat transfer rate time-series into four categories, heat loss/gain494

from:495
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1. Advection, such as with influent substrate.496

2. External heating, for instance by heat exchange with other flows in the497

system.498

3. Conductive, convective and radiative heat transfers, at digester walls ex-499

posed to the ambient or through the soil.500

4. Solar irradiance on digester surfaces exposed to the ambient.501

To determine whether a given category of heat flow is a net source- or sink,502

we calculated the total energy transferred by integrating each of the heat transfer503

rate time-series over the entire duration of the evaluation period. We followed504

the convention that energy sinks in the system are negative valued, while sources505

are positive valued. While some categories can solely be net energy contributors506

to the energy balance, such as solar irradiance, other categories such as conduc-507

tive, convective and radiative energy transfers can be both sources and sinks508

depending on the ambient conditions. Hence, over a given evaluation period,509

these categories can appear as net-zero energy contributors. To reveal dominant510

heat transfer interfaces we therefore also calculated the absolute energy trans-511

ferred for each of the categories across digester-types, over the same evaluation512

period as previously described.513

The biggest net energy source for Hanoi 1 and Hanoi 2 was solar irradi-514

ance (Fig. 3), contributing 1.82 GJ over the evaluation period. In the same515

period, the greatest net energy sink was conductive, convective and radiative516

heat transfer modes, with −2.02 GJ, which also covers heat exchange with the517

surrounding soil. Influent substrate was generally a net energy source over the518

evaluation period by 0.05 GJ, however not a significant contributor compared519

to other heat steams. Because the digesters were unheated, heat gain from520

external heating was 0. The absolute energy transfer over the evaluation pe-521

riod for Hanoi 1 and Hanoi 2 reveals that conductive, convective and radiative522

transfers are indeed the dominant heat transfer interface with 2.25 GJ over the523

evaluation period, of which 78.4 % is conductive energy exchange with the soil.524

Together with solar irradiance, they make up 94.6 % of the total energy budget525
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for these fixed-dome, buried, uninsulated, unmixed and unheated digesters in526

the Vietnamese highlands. We thus conclude that the digester slurry tempera-527

ture will be correlated with the temperature of the surrounding soil driving the528

heat exchange between the digester and the soil, dwarfing all other heat flows529

except for solar irradiance.530

Figure 3: Total and absolute total energy budget for the Hanoi digesters (left) and the Esbjerg

digester (right). Heat transfers rates were extracted for each of the elements in the thermal

resistance-network, categorized into four groups, and analyzed over the same period of time

as for the evaluation of the model.

The net energy budget for Esbjerg 1 (Fig. 3) reveals that advection with531

influent substrate is a major energy sink in the system (−5.72 TJ) over the eval-532

uation period. The net energy loss from advection is approximately of the same533

magnitude as that energy provided by external heating (6.35 TJ). Solar irra-534

diance is unsurprisingly a net source of energy over the evaluation period with535

1.76 TJ, while conductive, convective and radiative heat transfers are combined536

net energy sinks of −2.11 TJ. As opposed to the Hanoi digesters, the absolute537

energy budget of Esbjerg 1 is dominated by advection with influent substrate538

and external heating, totaling 12.16 TJ over the evaluation period, correspond-539

ing to 75.7 % of the energy budget for the industrial scale digester. Thus, not540
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only heating of the industrial-scale digester plays a significant role on the total541

absolute energy budget, but also advection of influent substrate. Alternatively542

the effluent flow from the digester can be thought of as a major energy sink,543

underpinning the role of heat exchangers for an optimized energy budget. This544

is perhaps unsurprising, regardless, the resistance network-based thermal bal-545

ance model is capable of providing a quantitative estimate of the significance of546

effluent mass flow as a sink.547

4. Conclusions548

We have developed a time-resolved 1-D resistance-network thermal balance549

model. The model was evaluated against two uninsulated, unmixed and un-550

heated biogas digesters in Vietnam and an industrial-scale digester at a wastew-551

ater treatment plant in Denmark. The root-mean-square-error were 1.43 ◦C552

and 0.92 ◦C for the Hanoi digesters. Predictive performance was evaluated us-553

ing Nash-Sutcliffe model efficiency coefficient (NS-C), and were 0.87 and 0.93554

respectively. For the industrial-scale digester in Esbjerg, operation data was555

available for sixteen months, allowing for long-term evaluation of the model.556

Here the root-mean-square-error was 0.48 ◦C, and the predictive performance557

was NS-C=0.94. It is worth noting that evaluation was carried out without558

prior calibration of the model, indicating high predictive performance.559
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