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Abstract 12 

An enhancement of the properties of pyrolysis liquids (PL) from municipal plastic waste 13 

(mainly low-density polyethylene) by catalytic hydrotreatment is required to obtain 14 

automotive quality fuels. In this context, we report the design of a pilot catalytic 15 

hydrotreatment reactor using computational fluid dynamics (CFD). This modelling 16 

technique considered fluid flows, gas diffusion, olefin hydrogenation reactions, and heat 17 

transfer. The built model allowed the development of different sensitive analysis to 18 

evaluate the influence of spatial time, heat transfer fluid (used as a reactor coolant) and 19 

hydrogen/pyrolysis liquid ratio. Possible phase changes (from gas to liquid) were 20 

analyzed by a thermodynamic approach. The results showed that the refrigerant oil allows 21 

alleviating possible temperature gradients arising from the exothermic hydrogenation 22 

reaction. It was also found that the system can be optimized in order to minimize the 23 
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energy cost by adjusting the inlet temperature of the reactive gas (H2) and the refrigerant 24 

oil flow. Condensations in the reactive chamber could be avoided by working at 25 

intermediate pressures (40-60 bar) and/or increasing the feed of H2. Additionally, the 26 

results obtained with the CFD 3D model together with the condensation analysis allowed 27 

to optimize the operational regime and the pilot-reactor design in terms of dimensioning 28 

and construction materials. 29 

 30 
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1. Introduction 34 

In the last decades, the continuous increment in the consumption of plastic materials has 35 

brought about a great rise in the amount of plastic waste. The magnitude of the problem 36 

can be estimated considering the worldwide plastic production, which increased from 1.5 37 

Mt in 1950 to 348 Mt in 2017 and it could triple in 2050 [1]. Note that if the current trend 38 

continues, 33 billion tons of plastic will be accumulated on the planet [2]. 39 

Approximately 70 % of European plastic waste (18.5 Mt/year) is not being recycled due 40 

to technical or economic reasons, and thus it is sent to landfill (27 %) or incinerated (42 41 

%) [1]. These circumstances affect the environment negatively in terms of pollution and 42 

greenhouse gas emissions, as well as social perception regarding waste management, 43 

consumer’s product industry, and policy makers [3,4]. Furthermore, this situation is really 44 

alarming because plastics are still high-value resources that can be reused or transformed 45 

into new feedstock or fuels at the end of their lifetime. Therefore, there is a need to 46 

combine mechanical recycling methods with alternative valorization options (i.e. 47 

chemical recycling) in order to manage the huge amount of plastic waste [3–5]. The 48 

combination of these technologies is emerging as the only way to comply with regulatory 49 

objectives (regarding waste disposal) to reduce the quantity of non-recycled plastic waste 50 

sent to landfill, and to develop a circular economy strategy [6]. 51 

Low-density polyethylene (LDPE) is the second most demanded plastic material 52 

worldwide, amounting to approximately 9 Mt in 2017 [1]. In this sense, it is clear the 53 

tremendous interest of a process that would allow the conversion of LDPE into a valuable 54 

product. One of the most promising options to valorize this kind of plastic waste is the 55 

production of fuels (i.e. automotive diesel) by means of a thermochemical process, and 56 

pyrolysis seems to be the predominant technology used. As has been reported in the 57 

literature [7], the pyrolysis of LPDE allows the conversion of the polymer into a liquid 58 



similar to the diesel coming from petrochemical feedstock [8]. This process involves the 59 

thermal decomposition of large polymeric chains into smaller molecules at moderate to 60 

high temperatures (400-800 ºC) in the absence of oxygen, thus obtaining very valuable 61 

products with high potential to be used as fuels or petrochemical feedstock [7,9,10]. 62 

Although the quantity and quality of the products depend on waste plastic composition 63 

and the parameters used in the process [10,11], pyrolysis is an appropriate process to 64 

maximize the liquid yield, as proved by several studies, which have reached above 75 % 65 

yield of liquids by processing polyolefins using catalytic or non-catalytic pyrolysis [12–66 

20]. When LDPE is used as feedstock, pyrolysis liquids result in a product free from 67 

oxygenated compounds and with a relatively low heteroatom content. However, other 68 

properties (i.e. sulphur content, oxidative stability, density or flash point) prevent its 69 

direct use as automotive fuel [21]. Therefore, it is necessary an upgrading catalytic step 70 

(i.e. hydrotreatment) to enhance oxidative stability and to reduce sulphur content [22], 71 

and a distillation step [23] to reach a density and a flash point that meet the requirements 72 

for automotive diesel (class A) established by the EN 590:2014 + A1:2017 standard [24].  73 

 74 

As has been reported [22,25], catalytic hydrotreatment looks promising for overcoming 75 

the pyrolysis liquid limitations associated with the high content in olefins, as well as to 76 

tune the properties of the fuels by choosing suitable catalysts and operation conditions. 77 

This process involves the treatment of the pyrolysis liquids with hydrogen in combination 78 

with a suitable solid catalyst at elevated temperatures and pressures [26,27], in order to 79 

remove sulphur and other impurities, as well as to increase the oxidative stability by 80 

decreasing unsaturated hydrocarbons. In hydrogen rich atmosphere, coke formation can 81 

be suppressed, and therefore the catalyst lifetime with high catalytic activity can be 82 

prolonged [28]. The design of the catalytic unit is very complex because the 83 



hydrotreatment process is a strongly exothermic reaction, demanding a very precise 84 

control of temperature. To that end, computational fluid dynamics (CFD) approach 85 

[29][30][31] is a very powerful tool to get data from a hypothetical reactor before its 86 

construction, providing information about thermofluid-dynamic, heat and mass transfer 87 

[32], and thus guaranteeing that the reactor can be successfully designed and optimized 88 

to run in a real and in-operation plant. The finite element method or computational fluid 89 

dynamics is used to solve physical problems in engineering analysis and design [33]. 90 

Finite elements approach allows forward and complete analysis of a setup (for dynamic 91 

or steady states) considering the phenomena that take place and the properties of the 92 

materials. The methodology is based on a discretization of the geometry in interconnected 93 

nodes. The more complex the geometry and/or the process, the higher computational 94 

resources are required to carry on. The analysis of an engineering system usually requires 95 

the idealization of the system into a form that can be solved, the formulation of the 96 

mathematical model, the solution of the model, and the interpretation of the results. 97 

The utilization of finite elements requires a validation step, which allows to demonstrate 98 

the model, and offering suitable predictions by comparing with the experimental results. 99 

Several studies are focused on the validation steps due to the high number of variables 100 

needed to model the process phenomena [34–36]. CFD models are usually used to find 101 

the optimal process conditions [37–40], evaluate the scale up, and design the final 102 

commercial setup [41]. 103 

In this context, the aim of this paper is to design an adequate catalytic reactor to carry out 104 

the hydrotreatment of liquids (30 kg/h) coming from LDPE pyrolysis performed in an 105 

pilot plant [21], using a heat transfer fluid to ensure the operational temperature and 106 

isothermal performance. To accomplish this objective, advanced simulation tools have 107 

been used as support. This paper describes the CFD model that has been developed to 108 



optimize and design the pilot catalytic hydrotreatment reactor to carry out the upgrading 109 

of the LDPE pyrolysis liquids. The model includes fluid flow, olefin hydrogenation 110 

reactions, diffusion of gas species, and heat transfer. A comprehensive sensitive analysis 111 

to assess the influence of the main operating parameters has also been performed, 112 

including spatial time, heat transfer fluid (used as a reactor coolant), and 113 

hydrogen/pyrolysis liquid ratio. Possible phase changes (from gas to liquid) have also 114 

been evaluated from a thermodynamic point of view. 115 

 116 

2. Materials and Methods 117 

2.1. Urbaser pilot plant and pyrolysis liquid properties 118 

Urbaser company has recently developed a plastic-to-oil (PtO) process to carry out the 119 

chemical recycling of polyolefins recovered from municipal solid waste (MSW), 120 

obtaining a high-quality liquid product. In general terms, the pyrolysis process (Figure 121 

1a) consists [21] of two clearly differentiated steps: (1) melting the plastic waste, and (2) 122 

thermal cracking procedure. During the pyrolysis process, the chains of LDPE, previously 123 

melted, crack into smaller pieces of liquid hydrocarbons to obtain a mixture of 124 

compounds (mainly paraffins, olefins and aromatics) ranging from 5 (C5) to 32 (C32) 125 

carbon atoms (Figures 1b and 1c). The properties analyzed for the pyrolysis liquids and 126 

some requirements for automotive diesel, according to the EN 590:2014 + A1:2017 127 

standard [24], are shown in Table 1. 128 

 129 



  130 

Figure 1. Composition of the liquids of pyrolysis of LDPE [21]. (a) Diagram of the process; (b) Molar 131 

fraction as a function of the carbon number of the olefin and paraffin fractions; (c) Total molar fraction as 132 

a function of the carbon number. 133 

Table 1. Properties analyzed for the pyrolysis liquids (PL) from different pyrolysis batches and some 134 

requirements for automotive diesel (class A) according to European legislation [42]. 135 

Property Test method 

Regulatory Limits  

PL1 PL2 PL3 PL4 PL5 min. max. 

Density at 15 ºC (kg/m3) ASTM D 4052-18a [43] 820 845 783 793 799 805 791 

Flash point (ºC) ASTM D 93-18 [44] 55 - < 25 < 25 < 25 < 25 < 25 

Oxidative stability (h) EN 15751:2014 [45] 20 - 18.1 20.1 * * * 

Sulphur content (mg/kg) EN 20846:2011 [46] - 10 12.4 12.9 19.0 16.8 4.4 

Bromine number 

(g Br2/100 g sample) 

 

ASTM D1159-07(2017) 

[47] 

 

- 

 

- 

 

32.0 

 

39.6 

 

40.0 

 

37.0 

 

31.0 

* It was not possible to complete the test due to gum formation so the samples do not meet with this parameter 
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Table 1 summarizes the most important fuel properties required by international 136 

regulations together with the bromine number, which is a representative measurement of 137 

the content in olefinic double bonds present in a sample [48]. Considering the results in 138 

Table 1, it can be concluded that a traditional distillation step is necessary to obtain a 139 

hydrocarbon fraction in the diesel range that meets some parameters required by standards 140 

(i.e. density and flash point). However, the distillation step is not enough to improve other 141 

properties such as sulphur content, oxidative stability, and the bromine number. The last 142 

two parameters are related to the tendency of the olefins to form gums in the engine. All 143 

these properties could be improved using an upgrading treatment of the pyrolysis liquids, 144 

and then the distillation stage. 145 

 146 

2.2. CFD model description 147 

The CFD model was built in Comsol Multiphysics v4.4. The olefin hydrogenation process 148 

is proposed to be carried out in a multi-tubular fixed-bed reactor (Figure 2) equipped with 149 

37 catalyst-filled tubes within a shell, in which a heat transfer fluid circulates. Considering 150 

that the hydrogenation reactions in the tube catalyst beds are exothermic, thermal oil is 151 

used as a cooling fluid to provide optimal heat control and isothermal conditions, avoiding 152 

the occurrence of hotspots. The synthetic heat transfer fluid (DIPHYL ) is a eutectic 153 

mixture of 73.5 % diphenyl oxide (DPO) and 26.5 % diphenyl. The temperature range for 154 

its use in liquid phase is 12 to 400 ºC. As can be seen in Figure 2, the internal diameter of 155 

the reactor shell is 344 mm and each reactor tube is 38 mm in internal diameter and 2000 156 

mm in length. 157 

 158 



 159 

Figure 2. Setup used for the hydrogenation of olefins - Dimensions. 160 

 161 

The fluid flow was modelled by means of Navier-Stokes equations with the Brickman 162 

correction for the catalytic porous medium of the internal tube domains (Table 2; eqs. 1-163 

4 and 12-15). Regarding gas diffusion, the species transport phenomena were calculated 164 

with the average mixture method based on Maxwell-Stefan equations (Table 2; eqs. 5-7 165 

and 16-18), and considering hydrogen and all the olefin and paraffin species (Figure 1). 166 

The diffusion coefficient was corrected by the ratio between the porosity and the porous 167 

bed tortuosity. The porosity and permeability are two key factors that govern the fluid 168 

flow in the porous region and the permeability for a packed bed with randomly distributed 169 

spherical particles. Both parameters were calculated using the Carman-Kozeny model and 170 

the stated particle size and porosity model [49]. Additionally, the tortuosity of the system 171 

was evaluated considering the inverse of the square root of the porosity of the domain, 172 

and considering the catalyst as a packed bed with randomly distributed spherical particles 173 
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[50,51]. The porous bed was modelled considering spherical particles of 1 mm and 40 % 174 

of porosity. Pure gas properties were obtained from the literature [52]. 175 

 176 

Table 2. Ruling equations of the different phenomena taking place in the olefin hydrogenation process. 177 

Ruling equations Eq. Properties Eq. 

Fluid transport 

𝜌(𝑢 · ∇)𝑢 = ∇ · [−𝑝𝐼 + 𝜇(∇𝑢 + (∇𝑢)𝑟 −
2

3
𝜇(∇ · 𝑢)𝐼] (1) 𝜌 =

𝑝

𝑅 · 𝑇
· 𝑀𝑛 (12) 

∇ · (𝜌𝑢) = 0 (2) 
𝜇 = ∑

𝜇𝑔,𝑖

1 +
1
𝑥𝑖

· ∑ 𝑥𝑗 · 𝜙𝑖,𝑗𝑗,𝑗≠𝑖𝑖

 
(13) 

𝜌

𝜖𝑝

((𝑢 · ∇)
𝑢

𝜖𝑝

) = ∇ · [−𝑝𝐼 +
𝜇

𝜖𝑝

(∇𝑢 + (∇𝑢)𝑟) −
2𝜇

3𝜖𝑝

(∇ · 𝑢)𝐼]

− (𝜇𝜅−1 + 𝛽𝐹|𝑢| +
𝑄𝑏𝑟

𝜖𝑝
2

) 𝑢 

(3) 
𝜙𝑖,𝑗 =

(1 + (
𝜇𝑔,𝑖

𝜇𝑔,𝑖
)

1
2

· (
𝑀𝑗

𝑀𝑖
)

1
4

)

2

4

√2
· (

𝑀𝑗

𝑀𝑖
)

1
2

 
(14) 

∇ · (𝜌𝑢) = 𝑄𝑏𝑟  (4) 𝜅 =
𝑑𝑝

2 · 𝜖𝑝
3

180 · (1 − 𝜖𝑝)2
 (15) 

Diffusive transport 

∇ · 𝑗𝑖 + 𝜌(𝑢 · ∇)𝑤𝑖 = 𝑟𝑖 · 𝑀𝑖 (5) 𝐷𝑖
𝑚 =

1 − 𝑤𝑖

∑
𝑥𝑘

𝐷𝑖,𝜅
𝜅≠𝑖

 (16) 

𝑁𝑖 = 𝑗𝑖 + 𝜌𝑢𝑤𝑖  (6) 𝑀𝑛 = (∑
𝑤𝑖

𝑀𝑖𝑖
)

−1

 (17) 

𝑗𝑖 = − (𝜌𝐷𝑖
𝑚∇𝑤𝑖 + 𝜌𝑤𝑖𝐷𝑖

𝑚
∇𝑀𝑛

𝑀𝑛

) (7) 𝐷𝑖,𝑗 = 𝑘𝑑𝑖𝑓 𝑓 ·

𝑇1,75 · (
1

𝑀𝑖
+

1
𝑀𝑗

)
1 2⁄

𝑝 · (𝑣𝑖
1/3

+ 𝑣𝑗
1/3

)
2  (18) 

Heat transport 

𝜌𝐶𝑝𝑢 · ∇𝑇 = ∇(𝑘 · ∇𝑇) + 𝑄𝑡𝑒𝑟𝑚 (8) 
𝑘 = ∑

𝑘𝑔,𝑖

1 +
1
𝑥𝑖

· ∑ 𝑥𝑗 · 𝜙𝑖,𝑗𝑗,𝑗≠𝑖𝑖

 
(19) 

𝜌𝐶𝑝𝑢 · ∇𝑇 = ∇(𝑘𝑒𝑞 · ∇𝑇) + 𝑄𝑡𝑒𝑟𝑚 (9) 𝑘𝑒𝑞 = 𝜃𝑝 · 𝑘𝑝 + (1 − 𝜃𝑝) · 𝑘 (20) 

𝐻𝑒𝑎𝑡𝑟𝑖 = −𝑟𝑖 · ∆𝐻𝑟𝑖  (10) 𝐶𝑝 = ∑ 𝑥𝑖 · 𝐶𝑝𝑔,𝑖
𝑖

 (21) 

  𝛾 = ∑ 𝑥𝑖 · 𝛾𝑔,𝑖
𝑖

 (22) 

Kinetic model 

𝑟𝑂𝐿𝐸,𝑖 = 𝑘 · 𝐶𝑂𝐿𝐸,𝑖 (11) 𝑘 = 𝑘0 · 𝑒𝑥𝑝 (−
𝐸𝑎

𝑅 · 𝑇
) (23) 

 178 



Table 3. Phenomena considered in each volume domain. 179 

 
Fluid flow Gas diffusion Chemical reactions Heat transport 

Piece Domain Navier-Stokes Brickman Free Porous  Free Porous correction 

S1 i        

 ii        

 iii        

 iv        

S2 i        

 ii        

 iii        

 iv        

S3 i        

 ii        

 iii        

 iv        

 180 

Gas density was calculated considering ideal gas mixtures (Table 2; eq. 12). The viscosity 181 

and the thermal conductivity for the gas mixtures (both internal and external gas mixtures) 182 

were calculated using the Wilke model (Table 2; eqs. 13, 14 and 19). The heat capacity 183 

and the heat capacity ratio for gas mixtures were estimated considering the molar average 184 

(Table 2; eqs. 21 and 22). Both governing equations and properties have been summarized 185 

in Table 2. Table 3 shows the type of phenomena considered in the different domains of 186 

each piece, as defined in Figure 2. 187 

 188 

Kinetic data for the olefin hydrogenation reaction used in the model were adapted from 189 

the kinetic model obtained by Fan et al. [53]. These authors used a bifunctional catalyst 190 

based on Ni-Mo typical of hydrogenation processes [48,54]. Taken into account that the 191 

olefin hydrogenation process is exothermic, one of the most important factors for the 192 

reactor design is the management of the heat released [55]. To that end, cooled multi-193 

tubular reactor has been selected in this study because it is well-established and widely 194 

used in chemical industry for this purpose [56]. The modelled reactor is cooled by a 195 

counter-current stream of thermal oil on the shell side and the catalyst is put inside the 196 

tubes in a packed-bed. As a starting point and according to the processing capacity of the 197 



Urbaser pilot plant (PtO technology), the length and internal diameter established for the 198 

tubes of the new hydrotreatment unit are 2000 mm and 38 mm, respectively. 199 

 200 

To simulate the composition of the LDPE pyrolysis liquids, five olefin/paraffin 201 

compounds were chosen based as depicted in Figure 1c. The olefin components comprise: 202 

1-hexene (C6H12), 1-octene (C8H16), 1-dodecene (C12H24), 1-octadecene (C18H36), and 1-203 

tetracosene (C24H48). Paraffin compounds include: hexane (C6H14), octane (C8H18), 204 

dodecane (C12H26), octadecane (C18H38), and tetracosane (C24H50). From the paraffins, 205 

olefins, naphthenes, and aromatics (PONA) analysis, the olefin/paraffin ratio (in mass) in 206 

the pyrolysis liquids was obtained (0.40). The couple of olefin/paraffin was simulated 207 

using this value. The composition of the different hydrocarbons follows the distribution 208 

showed in Figure 1b.  209 

 210 

Typical hydrotreatment process conditions [53,57] were fixed initially to obtain overall 211 

results of the reactor performance, and to establish a basis for the sensitivity analysis. The 212 

conditions of the baseline scenario are summarized in Table 4. The range of the different 213 

variables studied in the sensitivity analysis is indicated in section 2.3. Note that the value 214 

of the rest of parameters is the same as shown in Table 4.  215 

  216 



 217 

Table 2. Initial conditions fixed in the baseline scenario. 218 

System parameter Unit Initial value 

Pyrolysis liquid flow (F) kg/h 0.83 each tube 

Initial olefin mass fraction (OLE) - 0.40 

Thermal oil flow L/h 20 

Catalyst mass (W) kg 0.2 

Spatial time (W/F) h 0.24 

H2/pyrolysis liquid ratio (H2/HC) NL/L 400 

Reactor inlet temperature º C 375 

Hydrogen pressure barg 40 

Thermal oil heat transfer coefficient (h) W/m2K 51 

Thermal oil inlet temperature º C 375 

 219 

2.3. Sensitivity analysis 220 

2.3.1. Effect of the spatial time 221 

The effect of the spatial time (W/F) was evaluated in the range of 0.1-0.6 h (where W is 222 

the amount of catalyst in unit of kg, and F is the mass flow rate of pyrolysis liquids in unit 223 

of kg/h). The catalyst load (W) was varied in order to keep the H2/pyrolysis liquid ratio 224 

in 400 NL/L. The results are compared to data obtained from experimental tests. 225 

 226 

2.3.2. Effect of heat transfer fluid flow 227 

Thermal oil was tested in the range from 0.1 to 10 m3/h. The solution was compared with 228 

a 0D heat balance. This 0D approach solves the temperature (T) comparing the reaction 229 

heat with the heating energy of the inlet stream (eq. 24). 230 

 231 



∑ (−Δ𝐻𝑟𝑖
· 𝑟𝑖)𝑖 = ∑ 𝑚𝑖 · ∫ 𝑐𝑝𝑖(𝑇)𝑑𝑇

𝑇

𝑇𝑖𝑛𝑙𝑒𝑡
𝑖    (24) 232 

 233 

2.3.3. Effect of H2/pyrolysis liquid ratio 234 

The influence of the hydrogen to pyrolysis liquid ratio was studied in the range of 100-235 

500 NL/L (keeping the pyrolysis liquid flow in 30.71 kg/h). This study allowed the 236 

evaluation of the hydrogen demand of the hydrotreatment process.  237 

 238 

2.4. Meshing and solver 239 

The mesh performed for each domain was based on triangular elements (Figure 3). The 240 

element size was calibrated for fluid dynamics. The average mesh quality used was 0.55. 241 

Near the tubes boundary, the mesh was refined to have a finer mesh. The overall mesh 242 

contains 2519539 tetrahedra elements (31.5 % in the oil domain, 35.3 % in the shell and 243 

the tubes, and the 33.2 % in the internal reactive domain). 244 

 245 

Figure 3. 3D model with 37 tubes and exterior shell. a) Complete view of the reactor; b) Complete view 246 

of the mesh; c) Detailed view of the mesh. 247 

a b

c



Calculations were carried out using the Parallel Direct Solver (PARDISO) in steady state 248 

mode with parameter continuation to facilitate convergence. The relative tolerance of the 249 

method was 0.001. Consistent stabilization criterion was chosen for all phenomena using 250 

streamline diffusion and crosswind diffusion. 251 

 252 

2.5. Thermodynamic methods 253 

In addition to the CFD study, the thermodynamic evaluation of gas condensability was 254 

analyzed. In this sense, a biphasic system (gas – liquid) in an isothermal process was 255 

considered. Different thermodynamic systems were employed by means of a commercial 256 

software ASPEN PLUS V 10.0 [58]. Recommended advanced models for refinery 257 

applications with high hydrogen content were used. These models include: Peng-258 

Robinson, Soave-Redlich-Kwong equation of state with temperature dependency (SRK), 259 

Redlich-Kwong-Soave (RK-SOAVE), and Redlich-Kwong-Soave with Boston-Mathias 260 

alpha function (RKS-BM) [59]. As described in Figure 1c, the compounds used for this 261 

study include hydrogen, and n-paraffins and olefins ranging from 6 (C6) to 24 (C24) 262 

carbon atoms, as a representative composition of the LDPE pyrolysis liquids. The 263 

distribution of the hydrocarbon mixture is shown in Figure 1b. It is important to note that 264 

the condensation of the mixture of H2 and pyrolysis liquids can occur more easily when 265 

the full olefin conversion is achieved. Considering this, the condensation effect has been 266 

evaluated using a mixture of hydrogen and n-paraffins ranging from 6 (C6) to 32 (C32) 267 

carbon atoms (considering the specific composition of the liquid viewed in the Figure 1). 268 

To that end, a flash separation unit was used at 375°C and the specified pressure. The 269 

effect of the total pressure was studied in the range of 40-100 bar at a given hydrogen to 270 

pyrolysis liquid ratio of 400 NL/L. The influence of the hydrocarbon dilution was 271 

evaluated at 40 bar, varying the hydrogen to pyrolysis liquid ratio from 50 to 550 NL/L.  272 



3. Results and discussion 273 

The described model was evaluated to orientate the design of the catalytic reactor to be 274 

integrated in the Urbaser pilot plant, and the optimal operating conditions of the olefin 275 

hydrogenation process. For this purpose, first a comparison of the model with 276 

experimental data was made in isothermal conditions. Then, the model was used to 277 

evaluate the adiabatic process. Finally, as the condensation of hydrocarbons (especially, 278 

the heavier compounds) was not evaluated in the CFD model, a thermodynamic 279 

evaluation was performed to select between the optimal conditions coming from the CFD 280 

model and the most suitable conditions that allows to avoid undesired condensation inside 281 

the hydrogenation reactor. The optimal conditions of the process were also established 282 

based on the specifications of the materials for the reactor. 283 

 284 

3.1. CFD results 285 

The CFD model requires an initial step to validate the results provided by the tool. In this 286 

case, the evaluation was made by comparing the experimental data in isothermal 287 

conditions and the results obtained from the CFD model. Figure 4 shows the comparative 288 

results of the olefin conversion (Figure 4a) and the profile of the olefin weigh fraction 289 

(Figure 4b) for the different spatial times analyzed. As expected, an increase in the spatial 290 

time values results in an increase in the olefin conversion. Note that the experimental data 291 

fitted CFD model properly (Figure 4a). As can be observed, the full olefin conversion is 292 

reached when the spatial time is higher than 0.3 h. According to the profile (Figure 4b), 293 

olefins are being hydrogenated in the first zones of the reactor. The reaction is gradually 294 

deactivated (especially for the lowest spatial times) due to the decrease of the activity of 295 

the olefins as they are consumed. Specifically, the evolution of olefin mass fraction along 296 



the tube indicates that complete olefin conversion to paraffinic species is achieved before 297 

reaching the middle of the tube (1000 mm from the inlet). Considering this result, a 1000 298 

mm length reactor would be enough to carry out the hydrogenation process since no more 299 

conversion will be achieved with additional length.  300 

 301 

Figure 4. Validation of the CFD model. (a) Comparison of the olefin conversion as a function of the spatial 302 

time between the experimental data and CFD model; (b) Olefin weight fraction profiles for different spatial 303 

times. 375 °C, 20 L/h of oil, H2/HC: 400 NL/L. 304 

 305 

The same analysis was made in adiabatic conditions. The temperature profiles (Figure 5) 306 

for the different spatial times analyzed reveal that the heat is gathered in the first zone of 307 

the reactor (where the main fraction of olefins is reacting) and in the center. In all cases, 308 

the temperature increase is lower than 40 °C. Therefore, it can be corroborated that the 309 

oil used as a heat transfer fluid allows to keep the temperature under control, minimizing 310 

temperature gradients within the reactor volume. 311 
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 312 

Figure 5. Temperature profiles for different spatial times. Inlets at 375 °C, 20 L/h oil, H2/HC: 400 NL/L. 313 

 314 

In addition, a comparison with a 0D heat balance was made in order to assess the validity 315 

of the adiabatic studies performed. It is important to note that the counter-flow 316 

configuration of the reactor is not considered by the 0D model. The results in Figure 6 317 

show that the maximum temperatures reached in the 3D Comsol model (counter-flow 318 

distribution) are similar to the 0D heat balance (overall balance). Considering the results 319 

of the temperature distribution (Figure 6b), it can be concluded that the temperature 320 

gradients are completely mitigated when the flow of refrigerant oil reaches values of 321 

about 0.5 m3/h. The increase in the oil flow leads to a decrease in temperature in the first 322 

zone of the reactor, and thus kinetic activity decreases. This is why more reactor length 323 

is needed to achieve full olefin conversion as the oil flow is increased. However, for all 324 

cases this increase in the reaction length is low because complete olefin conversion is 325 

achieved before the mid-length of the reactor. Additionally, the increase in the flow of 326 

refrigerant oil results in a better distribution of the reaction heat because the oil has a 327 

larger area to absorb the released energy. 328 



 329 

Figure 6. Effects of the oil flow. (a) Comparison between the 0D heat balance and the Comsol model 330 

results. (b) Temperature profiles for different oil flows; (c) Weight fraction of the olefin for different oil 331 

flow. Inlets at 375 °C, spatial time 0.48 h, H2/HC: 400 NL/L. 332 

 333 

The increase in the hydrogen/pyrolysis liquid ratio could cause a mitigation of 334 

temperature gradients since there is a higher amount of matter to be heated and there is a 335 

decrease in the olefin concentration by a diluting effect, and thus a decrease in the kinetic 336 

activity. Figure 7 shows the results of the variation of the H2 feeding in adiabatic 337 

conditions. The study considers the adiabatic model varying the H2/HC ratio between 100 338 

and 400 NL/L. In absolute terms, both trends are confirmed: (1) decrease in the 339 

temperature, and (2) decrease in the kinetic activity. However, the differences are less 340 

important than the effect of the spatial time or the refrigerant oil flow. 341 
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 342 

Figure 7. Results of the effect of the H2/HC ratio in the inlet stream. (a) Maximum temperature reached on 343 

the reactor as a function of the H2/HC ratio in the feed stream. (b) Temperature profiles for different H2/HC 344 

ratios in the feed stream. Inlets at 375 °C, spatial time 0.48 h, oil flow 20 L/h. 345 

 346 

3.2. Thermodynamic evaluation of the condensation 347 

Condensability of the stream components has been evaluated considering different 348 

thermodynamic systems for the liquid-gas equilibrium. Taking into account the reactive 349 

stream, the heavier fractions present its maximum activity in the outlet stream (as 350 

paraffins). Therefore, the evaluation was made considering that hydrocarbons in this 351 

stream are in the form of paraffins. Figure 8 shows the results of this analysis. As can be 352 

observed (Figure 8a), the condensations can be avoided if the total pressure of the reactive 353 

chamber is below 45 bar. Additionally, an increase in the H2/HC ratio leads to the dilution 354 

of the hydrocarbon fractions, and thus their activity decreases. Therefore, the presence of 355 

liquid inside the reactor can be avoided using values of the H2/HC ratio above 350 NL/L 356 

(Figure 8b). 357 
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 358 

Figure 8. (a) Condensed liquid as a function of total pressure (H2/feedstock ratio: 400 NL/L); (b) 359 

Condensed liquid as a function of the H2/HC ratio (pressure: 40 bar). SRK: Soave-Redlick-Kwong; RK-360 

SOAVE: Redlich-Kwong-Soave; RKS-BM: Redlich-Kwong-Soave with Boston-Mathias alpha function. 361 

 362 

This conclusion about the pressure and the confirmation that heat transfer fluid allows to 363 

keep the temperature under 375 ºC have been used to establish the catalytic reactor 364 

material. Based on the results obtained in this study, A-316L austenitic stainless steel has 365 

been selected as building material for the reactor. This material is widely used in pressure 366 

vessels for its excellent mechanical properties [60]. Considering this material and the 367 

proposed design for the reactor, the maximum allowable pressure is 50 bar in the tubes 368 

and 16 bar in the shell-side, and the maximum allowable temperature is 400 °C. Note that 369 

these limits are above the process conditions with an acceptable security margin to carry 370 

out the hydrogenation reactions. 371 
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 373 

4. Conclusions 374 

CFD analysis has been used to establish the design of a new catalytic hydrotreatment 375 

reactor as a preliminary step to its construction and integration into an existing pilot plant 376 

of plastic waste valorization. The catalytic reactor has been designed as a multi-tubular 377 

fixed-bed reactor equipped with 37 catalyst-filled tubes within a shell, in which a heat 378 

transfer fluid circulates. As a general conclusion, the results of the proposed 3D model 379 

confirm that the pilot reactor design will allow to carry out the exothermic hydrogenation 380 

reaction of LDPE pyrolysis liquids (>30 kg/h) properly, without building large 381 

temperature gradients within the reactor volume. The use of heat transfer oil (DIPHYL) 382 

in the pilot plant enabled good temperature control in the reactor, leading to nearly-383 

isothermal conditions. In addition, Comsol model provides some basic guidelines in order 384 

to decide the final dimensions of the reactor and the operating conditions: 385 

- A 1000 mm length reactor would be enough to carry out the hydrogenation 386 

process with an excellent control over the outlet temperature. 387 

- If total conversion is desired, it is highly recommendable to work at spatial times 388 

higher than 0.3 h. 389 

- In all the conditions studied, the increase in temperature is lower than 40 °C, 390 

confirming that the refrigerant oil used allows to keep the temperature under 391 

control. Thermal oil flow has been checked by comparing with the 0D heat 392 

balance. 393 

- The H2/pyrolysis liquid ratio influences the conversion of olefins, but to a lesser 394 

extent than refrigerant oil flow or spatial time. 395 

- The increases in total pressure and H2/pyrolysis liquid ratio lead to a higher 396 

probability of liquid condensation. However, condensation problems can be 397 



avoided by keeping the total pressure of the reactive chamber below 45 bar and 398 

using H2/pyrolysis liquid ratios above 350 NL/L. 399 

Moreover, CFD analysis has provided enough information about the critical variables of 400 

the process (temperature and pressure) to select the reactor material. A combination of up 401 

to 50 bar and 400 ºC could be achieved using A-316L steel for the construction of the 402 

reactor. Taking into account these limits, the CFD model results (predicting an outlet 403 

temperature under 375 ºC) and the thermodynamic evaluation of the condensation 404 

(recommending pressures under 45 bar), the viability of the hydrogen process scaling up 405 

has been shown. 406 
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