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Abstract 

Crude oil transportation in the Niger Delta requires effective thermal management to maintain flow assurance. Heat loss, wax 

precipitation, and increasing viscosity can restrict crude-oil flow and increase operational risks. This study developed an 

analytical techno-economic framework for solar-assisted heating of a representative 20 km crude-oil pipeline using Nigerian 

crude-oil properties and Niger Delta solar-resource data. Evacuated-tube collectors and a sensible-heat storage tank were sized, 

and a 25-year lifecycle cost analysis compared the hybrid solar-plus-gas system with gas-fired and electric-heating references. 

The model estimated a heating demand of 1.78 MW (15,622 MWh annually); polyurethane-foam insulation contributed 82.7% 

of total pipeline thermal resistance. An 8,549 m2 collector field with 3,490 modules and a 546 m³ storage tank achieved an annual 

solar fraction of 38.7%. The solar system required USD 3.22 million in capital investment. After including supplementary gas 

for the 61.3% of annual demand not met by solar, and costing the conventional references against the full annual demand, the 

estimated annual OPEX was USD 139,840 for solar-assisted heating, USD 351,589 for gas-fired heating, and USD 1.698 million 

for electric heat tracing. Over 25 years at a 10% discount rate, the corrected lifecycle costs were USD 4.860 million, USD 5.594 

million, and USD 17.316 million, respectively. The solar-assisted system had an estimated positive NPV of USD 0.734 million 

relative to gas-fired heating, an incremental-capital simple payback of 4.8 years, and a discounted payback of approximately 6.9 

years. Its LCOH was USD 0.0343/kWh, about 13.1% below the gas-fired reference and 72.0% below electric heat tracing. Monte 

Carlo analysis using a simplified cash-flow formulation yielded a 100% probability of positive NPV for the investigated 

parameter distributions. The findings indicate potential for solar-assisted pipeline heating, but supplementary heating remains 

essential during low-solar periods. Pilot-scale validation and further assessment of hybrid backup strategies are recommended. 
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1. Introduction 

Crude oil transportation through pipelines remains the most 

economical method for moving petroleum from production fa-

cilities to refineries and export terminals, and its viability de-

pends on maintaining flow assurance throughout the journey 

[22]. Flow assurance failures, driven by wax precipitation, ris-

ing viscosity, and heat loss as crude cools in transit, remain 

among the most operationally disruptive and costly challenges 

facing the petroleum industry [8, 22]. Thermal management 

using electric heating cables, fossil-fuel-powered boilers, or 

direct-fired heaters is the industry's default response. However, 

these approaches raise operating costs and contribute signifi-

cantly to greenhouse gas emissions [38]. As oil-producing 

economies pursue decarbonisation, solar thermal energy has 

emerged as a promising alternative source of process heat for 

pipeline and industrial applications [4, 23]. 

This challenge is especially acute in Nigeria, where the pe-

troleum industry faces high operational costs and mounting 

environmental scrutiny from its reliance on gas-fired heaters 

and electric heating systems. Some major pipelines reportedly 

consume very large volumes of gas daily for heating alone. 

These conventional systems represent a significant operating 

expense and a source of carbon emissions that sits uneasily 

against Nigeria's climate commitments. Notably, the unrelia-

bility of grid power in remote pipeline locations compounds 

the problem. Nigerian crude oil, produced primarily from the 

Niger Delta Basin, further complicates matters. The major 

streams from the prolific Agbada Formation carry substantial 

wax content, with pour points between 18°C and 36°C, and 

wax appearance temperatures (WAT) ranging from 21°C to 

46°C [5, 22, 39]. Once pipeline wall temperature falls below 

the WAT, a wax layer forms and progressively narrows the 

effective pipe diameter, raising pressure drop, pipe roughness, 

and energy consumption [8, 30]. Meanwhile, viscosity ranks 

top among the most operationally significant rheological 

properties for pipeline design. It can rise by several orders of 

magnitude as temperature falls toward the pour point [6, 45]. 

Despite Nigeria's abundant solar resource, averaging 5.25 

kWh/m2/day in its oil-producing regions [5], solar thermal 

technology remains untapped for pipeline heating applications. 

Therefore, a critical knowledge gap persists regarding the 

technical design parameters, thermal performance, and eco-

nomic feasibility of solar-assisted heating systems suited to 

Nigerian crude properties and climatic conditions. 

Conventional thermal management spans gas-fired heater 

stations, electric heat tracing, steam heat tracing, and passive 

insulation, each with distinct cost, reliability, and emissions 

trade-offs [8]. Heater stations use direct-fired or water-bath 

heaters spaced to keep the crude above its minimum operabil-

ity threshold [7, 22]. Electric heat tracing gives precise control 

but needs high-capacity power that is frequently unreliable in 

Nigeria's oil-producing regions [32]. Steam heat tracing, 

though able to cut viscosity by up to 24.2%, requires dedicated 

infrastructure and carries leak risks [22]. The wax deposition 

these systems guard against has itself been well characterized. 

Ochieng et al. [29] found aggregation falling by up to 2.5% 

with Reynolds number but rising by up to 3.4% with Grashof 

number. Similarly, Liu et al. [24] showed that a 4 mm wax 

layer can shift local soil temperature by 1.42 K. 

Parallel advances in solar collector technology have ex-

panded the options for process heating. Flat-plate, evacuated-

tube, and parabolic trough collectors differ markedly in oper-

ating range, efficiency, and cost [16, 36]. Flat-plate collectors 

suit delivery below 80°C at 60-70% efficiency [41]. Evacu-

ated-tube collectors sustain 70-80% efficiency at elevated 

temperatures under diffuse radiation [33, 40]. Parabolic 

trough collectors reach 100-400°C but require tracking and 

greater capital outlay [37], with over 1,300 industrial solar 

process-heat systems commissioned worldwide by the end of 

2024 [13, 15]. Solar thermal energy has been applied more 

broadly to heating duties in the petroleum industry [21]. Ap-

plied to petroleum operations, Cao et al. [4] developed a cou-

pled model showing a 500 m2 collector field could sustain a 

20 km pipeline for over 200 days annually without electrical 

back-up. This is governed by the heat balance, in Equation (1), 

for a pipeline element of length dx: 

ṁCp
dT

dx
=  Qsolar  −  Qloss           (1) 

where ṁ is the crude oil mass flow rate (kg/s), C𝑝 is the spe-

cific heat capacity of crude oil (J/kg·K), 
𝑑𝑇

𝑑𝑥
 is the axial tem-

perature gradient (°C/m), Qsolar  is the heat input per unit 

length from the solar system (W/m), and Qloss  is the radial 

heat loss per unit length to the surroundings (W/m). Wang and 

Zhang [43] paired collectors with wellhead thermal storage to 

cut seasonal CO2 emissions. Khan et al. [19] and Khan et al. 

[18] reported solar fractions of 17-27% and paybacks of 7.5-

8.8 years for parabolic trough retrofits in Pakistani refineries. 

Viability across these studies is judged through lifecycle cost, 

net present value, payback period, and levelized cost of heat 

[12, 14, 35]. Together, thermal storage has consistently been 

shown to raise solar fraction by decoupling collection from 

delivery [20, 42]. 

Despite this progress, the literature leaves three gaps rele-

vant to the present study. Firstly, nearly all solar-pipeline and 

solar-process-heating studies are set in China or South Asia. 

This limits transferability to Nigerian crude properties, cli-

mate, and energy economics. Secondly, thermal models such 

as Cao et al. [4] fall short of a full collector-selection and siz-

ing framework integrated with economic evaluation. Lastly, 

no published study has run a lifecycle economic comparison 

over a realistic 25-year horizon using Nigerian gas and elec-

tricity costs for Niger Delta crude. Table 1 summarises the key 

studies reviewed and the gaps each leaves open. 
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Table 1. Summary of key literature on solar-assisted heating for crude oil pipeline transportation and related applications. 

Study 
System/Technol-

ogy 

Loca-

tion/Context 
Key Metric Main Finding 

Research Gap (s)/Weak-

ness (es) 

Cao et al. 

[4] 

Solar heating + 

pipeline transport 

model 

China 

(generic 

production 

well) 

Transport days, 

MTD; energy cost 

500 m2 area supports >200 

days without electrical 

heating (20 km pipe) 

No economic analysis for 

Nigeria; no collector 

selection framework 

Zhang and 

Wang [43] 

Solar heating + sen-

sible TES at well-

head 

China (well-

head applica-

tion) 

CO2 reduction; 

economic benefit 

Solar-TES system reduces 

CO2 and offers seasonal eco-

nomic benefits 

No pipeline-specific de-

sign; limited economic 

depth; not Nigeria-specific 

Khan et al. 

[19] 

PTC + TES for in-

dustrial heating (re-

finery) 

Pakistan (5 

cities) 

Solar fraction; 

payback period; 

CO2 

Solar fraction 17–27%; pay-

back 7.51 years; 34.95 t 

CO2/yr reduction 

Refinery-focused, not 

pipeline flow assurance; 

not applicable to Nigerian 

crude 

Wu et al. 

[44] 

Solar + gas boiler 

for floating roof 

tank 

Petroleum 

sector (ge-

neric) 

Solar fraction; gas 

saving; emissions 

Hybrid system achieves 

measurable gas savings and 

emission reduction 

Tank heating, not pipeline; 

no lifecycle cost compari-

son with electric heating 

Ochieng et 

al. [29] 

Numerical wax dep-

osition model (mul-

tiphase) 

Generic pipe-

line (field-

scale) 

Reynolds, 

Grashof, Nusselt 

numbers 

Wax aggregation decreases 

with Re; Nusselt number in-

creases significantly with Re 

No solar integration; no 

Nigeria-specific properties 

or climate data 

 

The present study addresses these gaps by developing an 

integrated techno-economic framework for a solar-assisted 

crude oil pipeline heating system, explicitly parameterised for 

Niger Delta conditions. Building on the thermal-resistance 

and heat-balance formulations validated by Cao et al. [4] and 

Liu et al. [24], the study models pipeline heat loss and heating 

demand for a representative 20 km Niger Delta segment. It 

selects and sizes an evacuated-tube collector field using the 

Hottel-Whillier-Bliss efficiency relation [16, 36]. It models 

the sizing of a water-based sensible-heat thermal energy stor-

age tank following established industrial-storage practice [20, 

42]. The design is then translated into a three-dimensional pip-

ing and plant layout in PipeCAD. The economic analysis is 

subjected to a 25-year lifecycle cost analysis, including net 

present value, payback period, and levelized cost of heat [12, 

14]. The outcomes, therefore, are benchmarked against gas-

fired and electric heat-tracing alternatives using Nigerian fuel 

and electricity tariffs [27, 28]. Uncertainty assessment, 

through Monte Carlo simulation, shows the influence of every 

economic parameter investigated. 

By pairing a Nigeria-specific thermal and solar-resource 

dataset with a full lifecycle economic comparison, this study 

provides quantitative benchmarks. Collector area, storage vol-

ume, capital cost, and levelized cost of heat for a solar-assisted 

flow-assurance solution have not previously been developed 

for Niger Delta conditions. The findings are intended to give 

pipeline operators and policymakers an evidence base for 

weighing solar thermal integration against conventional heat-

ing. This supports Nigeria's energy transition plan and its 250 

gigawatts solar-capacity target by 2060 [9], within a down-

stream petroleum sector regulated under the Petroleum Indus-

try Act 2021 [10]. The analysis is confined to surface pipeline 

transportation in Nigerian oil-producing regions, drawing on 

published crude oil properties, Niger Delta climatic and solar 

irradiation data, and a 25-year lifecycle cost horizon. Subsea 

pipelines and wellhead production conditions fall outside its 

scope, and the results are indicative rather than site-specific, 

pending detailed field surveys and engineering refinement. 

The remainder of this paper is organised as follows: Section 2 

describes the materials, thermal and collector-sizing models, 

and economic-analysis methods; Section 3 presents and dis-

cusses the resulting pipeline heat demand, collector and stor-

age sizing, solar fraction, capital and lifecycle costs, and 

Monte Carlo sensitivity results; and Section 4 concludes with 

recommendations for implementation and further work. 

2. Materials and Methods 

2.1. Materials and Tools 

The following resources were used in this study: published 

thermal property data for Nigerian Niger Delta crude oils; so-

lar irradiation and climatic data for the Niger Delta region, 

sourced from published databases and studies; published cap-

ital and operational cost data for solar thermal systems and 

conventional pipeline heating equipment; PipeCAD software, 

for developing the structural design model of the solar-as-
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sisted crude oil heating system and pipeline layout; and Mi-

crosoft Excel, for data organisation, tabulation, cross-valida-

tion of economic results, lifecycle cost calculations, net pre-

sent value analysis, levelized cost of heat computations, and 

Monte Carlo sensitivity analysis. 

2.2. Thermal Properties and Heat 

Requirements of Nigerian Crude Oils 

2.2.1. Crude Oil Thermal and Rheological 

Properties 

The thermal and rheological properties of Nigerian heavy 

crude oils were the primary inputs for all heat-requirement 

calculations. They were drawn from published characterisa-

tion studies of Niger Delta crude oil samples. These properties 

define the minimum operating temperature that the solar-as-

sisted heating system must maintain along the pipeline. Also, 

they govern the sizing of both the collector system and the 

thermal energy storage unit. They include the wax appearance 

temperature (WAT), pour point, viscosity, specific heat capac-

ity, and thermal conductivity of the crude oil. Published char-

acterisation data from multiple Niger Delta crude oil studies 

and relevant conventional standards were consolidated in Ta-

ble 2. These constituted the baseline input dataset for all ther-

mal and heat-requirement calculations in this study. 

Table 2. Thermal and rheological properties of Nigerian Niger Delta crude oils. 

Property Range / Value 
Model Value 

(adopted) 
Source 

API Gravity (°API) 20 – 40 32 Chanchangi et al. [5]; Kumar [22] 

Wax Appearance Temperature, WAT (°C) 20 – 46 38 
Sulaimon et al. [39]; Onwumelu et 

al. [30] 

Pour Point (°C) 8 – 36 28 Sulaimon et al. [39] 

Minimum Safe Pipeline Temperature, Tmin (°C) WAT + 5 safety margin 43 Kumar [22]; Elkatory et al. [8] 

Crude Oil Inlet Temperature to Pipeline (°C) 45 – 65 50 Cao et al. [4] 

Kinematic Viscosity at 40°C (cSt) 35 – 120 80 Cao et al. [4] 

Dynamic Viscosity at 50°C (mPa·s) 30 – 100 50 Cao et al. [4] 

Specific Heat Capacity, Cp (J/kg·K) 1,800 – 2,100 1,950 Cao et al. [4] 

Thermal Conductivity, λoil (W/m·K) 0.12 – 0.16 0.14 Cao et al. [4] 

Crude Oil Density at 50°C (kg/m³) 830 – 880 855 Chanchangi et al. [5] 

Wax Content (% mass) 8 – 20 14 Sulaimon et al. [39] 

Latent Heat of Wax Crystallization (kJ/kg) 150 – 220 185 Ochieng et al. [29] 

 

The model values in this study represent high-wax Niger 

Delta crude oil. WAT and pour point data cover published Ni-

ger Delta crude streams from multiple fields. 

2.2.2. Pipeline Model Parameters 

The pipeline's physical configuration determines the total 

heat loss profile and the pipeline length that a given solar col-

lector area can support. A representative onshore buried sur-

face pipeline for the Niger Delta was adopted, with model pa-

rameters presented in Table 3. The data are consistent with the 

range of parameters used in analogous solar-assisted pipeline 

heating studies [4]. 

Table 3. Proposed pipeline model parameters for the study system. 

Parameter Value Source / Basis 

Pipeline length, L (km) 20 Cao et al. [4]; typical Niger Delta trunk line segment 

Internal pipe diameter, Di (m) 0.254 (10 inches) API 5L pipeline standard; Santoso et al. [32] 
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Parameter Value Source / Basis 

Pipe wall thickness, t (m) 0.012 API 5L X65 specification 

Pipe material 
Carbon steel (API 5L 

X65) 
Industry standard for crude oil transport 

Insulation material Polyurethane foam Most common in Nigeria; Santoso et al. [32] 

Insulation thickness, tins (m) 0.05 Elkatory et al. [8] 

Thermal conductivity of insulation, λins 

(W/m·K) 
0.027 Polyurethane foam; Cao et al. [4] 

Pipeline burial depth, H (m) 1.0 Typical onshore Niger Delta installation 

Soil thermal conductivity, λsoil (W/m·K) 1.0 Niger Delta soil; Cao et al. [4] 

Ambient/soil temperature, Tamb (°C) 28 Niger Delta mean annual; Chanchangi et al. [5] 

Crude oil mass flow rate, ṁ (kg/s) 35 Equivalent to ~10,000 bbl/day throughput 

Design inlet temperature at heater station, Tinlet 

(°C) 
65 Target inlet temp above WAT+5°C safety margin 

Minimum acceptable pipeline exit temperature, 

Texit (°C) 
43 Tmin = WAT + 5°C safety margin 

Thermal conductivity of pipe steel, λsteel 

(W/m·K) 
50 Standard carbon steel value 

Internal film heat-transfer coefficient, hi 

(W/m2·K) 
300 

Standard criterion 250–400 W/m2·K for turbulent flow of 

heated crude oil in insulated pipelines, consistent with Cao 

et al. [4] 

 

2.2.3. Pipeline Heat Loss and Total Heat 

Requirement Calculations 

The radial heat loss from a buried insulated pipeline per unit 

length was computed using an overall thermal-resistance 

model. The overall heat transfer coefficient per unit length (U, 

W/m·K) accounted for the thermal resistances of the crude oil 

film, the pipe wall, the insulation layer, and the surrounding 

soil. Equation (2) expresses the overall heat transfer coeffi-

cient, as employed in prior studies such as Cao et al. [4] and 

Liu et al. [24]. 

𝑈 =  [𝑅𝑓𝑖𝑙𝑚  +  𝑅𝑝𝑖𝑝𝑒  +  𝑅𝑖𝑛𝑠 +  𝑅𝑠𝑜𝑖𝑙]
−1

 [
𝑊

𝑚
· 𝐾]  

 (2) 

The individual thermal resistances per unit length (m·K/W) 

are given by Equations (3) to (6): 

𝑅𝑓𝑖𝑙𝑚  =  
1 

(ℎ𝑖×𝜋𝐷𝑖)
                 (3) 

 𝑅𝑝𝑖𝑝𝑒  =  
𝑙𝑛(

𝐷𝑜
𝐷𝑖

)

2𝜋𝜆𝑠𝑡𝑒𝑒𝑙
                  (4) 

𝑅𝑖𝑛𝑠  =  
𝑙𝑛(

𝐷𝑜,𝑖𝑛𝑠
𝐷𝑜

) 

2𝜋𝜆𝑖𝑛𝑠

                 (5) 

𝑅𝑠𝑜𝑖𝑙  =  
𝑙𝑛(

4𝐻

𝐷𝑜,𝑖𝑛𝑠
)

2𝜋𝜆𝑠𝑜𝑖𝑙

                 (6) 

where hi is the internal film heat transfer coefficient (W/m2·K); 

Di and Do are the internal and external pipe diameters (m), re-

spectively; 𝐷𝑜,𝑖𝑛𝑠  is the external insulation diameter (m); 

𝜆𝑠𝑡𝑒𝑒𝑙  is the thermal conductivity of pipe steel (50 W/m·K); 

and H is the burial depth of the pipe centre-line (m). The heat 

loss rate per unit length at any position along the pipeline was 

then given by Equation (7): 

𝑄𝑙𝑜𝑠𝑠(𝑥) =  𝑈𝜋𝐷𝑜,𝑖𝑛𝑠(𝑇𝑜𝑖𝑙(𝑥) − 𝑇𝑎𝑚𝑏) [𝑊/𝑚]    (7) 

The total heat loss along the pipeline length L was com-

puted by integrating Equation (7) over the pipeline, as given 

by Equation (8). 

𝑄𝑙𝑜𝑠𝑠,𝑡𝑜𝑡𝑎𝑙 = 𝑈𝜋𝐷𝑜,𝑖𝑛𝑠(T̄𝑜𝑖𝑙 − 𝑇𝑎𝑚𝑏) × 𝐿 [𝑊]     (8) 

where T̄oil is the mean crude oil temperature along the pipeline. 

The total thermal power required at the heater station to main-

tain the crude oil above Tmin at the pipeline exit was deter-

mined using Equation (9). 

𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔 = ṁ𝐶𝑝(𝑇𝑖𝑛𝑙𝑒𝑡 − 𝑇𝑒𝑥𝑖𝑡) + 𝑄𝑙𝑜𝑠𝑠,𝑡𝑜𝑡𝑎𝑙  [𝑊]   (9) 
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where Tinlet is the crude oil temperature at the heater-station 

inlet (°C), and Texit is the minimum acceptable temperature at 

the pipeline exit (°C). Equation (9) thus defines the gross heat-

ing demand that the solar-assisted system must supply. 

2.3. Solar Thermal Collector System Model 

The solar-assisted crude oil heating system was developed 

as a structural design model. No experimental testing or dy-

namic simulation was conducted. The design model was de-

veloped in PipeCAD and covered collector type selection, col-

lector sizing, thermal energy storage sizing, and overall sys-

tem configuration. PipeCAD, an industry-standard 3D piping 

and plant layout design tool, was used to generate the layout 

drawings, equipment arrangement, and piping interconnection 

model of the proposed solar collector array, storage tank, heat 

exchanger, and pipeline integration point. 

2.3.1. Solar Collector Type Selection 

Three collector technologies were evaluated for suitability: 

flat-plate collectors (FPCs), evacuated-tube collectors (ETCs), 

and parabolic trough collectors (PTCs). The selection was 

based on operating temperature range, thermal efficiency at 

the target temperature, commercial availability in West Africa, 

capital cost, and mechanical complexity. Table 4 presents the 

comparative evaluation of the three technologies against the 

requirements of this study. 

Table 4. Comparative evaluation of solar collector types for crude oil pipeline heating in the Niger Delta. 

Criterion 
Flat Plate 

Collector 

Evacuated Tube 

Collector 

Parabolic Trough 

Collector 
Basis 

Operating temp. range (°C) < 80 60 – 150 100 – 400 
Thermal Engineering [40]; 

Kalogirou [16] 

Thermal efficiency at 60–80°C 60 – 70% 70 – 80% 60 – 65% Solarthermalworld [37] 

Performance in diffuse radiation Moderate High 
Low (tracking 

needed) 
Thermal Engineering [40] 

Tracking requirement None None Single-axis required Kalogirou [16] 

Installed cost (USD/m2) 200 – 400 120 – 190 
120 – 297 (large 

fields) 

Akar and Kurup [1]; Markspark-

solutions [25] 

Mechanical complexity Low Medium High Jamar [13] 

Suitability for Niger Delta temperature 

range 
Marginal High 

Suitable but over-

specified 
Chanchangi et al. [5] 

Suitability for Nigerian field condi-

tions 
Moderate High Moderate-High Khan et al. [19] 

Selected for this study? No Yes No — 

 

Flat-plate, evacuated-tube and parabolic-trough collectors 

represent the three principal non-concentrating and concen-

trating technologies available for industrial process heat [11]. 

Evacuated tube collectors were selected for this study on the 

basis of their high efficiency at the target operating tempera-

ture of 60–80°C, the absence of tracking requirements, and 

strong performance under the partially diffuse irradiation con-

ditions of the Niger Delta wet season. 

2.3.2. Collector Array Sizing 

The gross collector aperture area was derived from the en-

ergy balance between the useful heat output of the collector 

field and the pipeline heating demand. The useful heat output 

per unit area of the evacuated-tube collector field is given by 

the Hottel-Whillier-Bliss equation, as given by Equation (10) 

[16, 36]. 

𝜂 =  𝜂𝑜 − 
𝑎1(𝑇𝑚−𝑇𝑎)

𝐺
 −  

𝑎2(𝑇𝑚−𝑇𝑎)2

 𝐺
         (10) 

η is the instantaneous thermal efficiency of the collector (di-

mensionless); η₀ is the zero-loss (optical) efficiency; a₁ is the 

first-order heat loss coefficient (W/m2·K); a2 is the second-or-

der heat loss coefficient (W/m2·K2); Tm is the mean fluid tem-

perature in the collector (°C); Ta is the ambient air temperature 

(°C); and G is the global solar irradiance on the collector ap-

erture (W/m2). Table 5 presents the adopted performance co-

efficients for the selected evacuated-tube collector type. 
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Table 5. Evacuated tube collector performance coefficients adopted for system sizing. 

Parameter Value Source 

Collector type 
Heat-pipe evacuated tube 

collector 
Thermal Engineering [40] 

Zero-loss optical efficiency, η₀ 0.78 Kadam et al. [15] 

First-order heat loss coefficient, a₁ (W/m2·K) 1.20 Kadam et al. [15] 

Second-order heat loss coefficient, a2 (W/m2·K2) 0.006 Kadam et al. [15] 

Mean collector fluid temperature, Tm (°C) 70 Midpoint of 60–80°C operating range 

Ambient air temperature, Ta (°C) 30 
Niger Delta wet season mean; Chanchangi et al. 

[5] 

Design solar irradiance, G (W/m2) 550 
Niger Delta’s mean mid-day value; Chanchangi 

et al. [5] 

Instantaneous efficiency at design point, η (calculated) 0.675 Equation 10 evaluated at design point 

Maximum collector operating pressure (bar) 6 Standard heat-pipe ETC specification 

Collector module aperture area (m2) 2.45 per module Standard commercial ETC module size 

Design interconnection Series-parallel array Standard large-field configuration 

 

The useful heat output per unit collector area at the design 

point was then computed using Equation (11). 

𝑄𝑢  =  𝜂 × 𝐺 [𝑊/𝑚2]              (11) 

The gross collector aperture area required to meet a target 

fraction SF of the total annual heating demand was calculated 

using Equation (12). 

𝐴𝑐  =  
𝑆𝐹×𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑎𝑛𝑛𝑢𝑎𝑙 

𝜂𝐺×𝐻𝑑𝑎𝑖𝑙𝑦×𝑁𝑑𝑎𝑦𝑠
 [𝑚2]           (12) 

where SF is the target solar fraction (fraction of total heat demand 

met by solar energy); 𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑎𝑛𝑛𝑢𝑎𝑙 is the total annual heating 

energy demand (Wh/year); Hdaily is the average daily peak solar 

hours (h/day); and Ndays is the number of operating days per year. 

An initial target solar fraction of 0.40 (40%) was adopted, con-

sistent with the range demonstrated by Khan et al. [19] for com-

parable industrial solar heating systems in tropical climates. 

2.3.3. Thermal Energy Storage Sizing 

Water-based sensible heat storage was adopted as the ther-

mal energy storage (TES) medium, being technically and eco-

nomically appropriate for the target operating temperature 

range of 60–80°C [20, 42]. The storage tank volume required 

to buffer a defined storage duration τ (hours) at the collector 

field output power was given by Equation (13). 

𝑉𝑡𝑎𝑛𝑘 =
𝑄𝑢𝐴𝑐𝜏 

𝜌𝑤𝑎𝑡𝑒𝑟×𝐶𝑝,𝑤𝑎𝑡𝑒𝑟×𝛥𝑇𝑠𝑡𝑜𝑟𝑎𝑔𝑒
 [𝑚³]       (13) 

where Qu × Ac is the total useful heat output of the collector 

field (W); τ is the design storage duration (hours); ρwater is the 

water density (1,000 kg/m³); 𝐶𝑝,𝑤𝑎𝑡𝑒𝑟  is the specific heat of 

water (4,186 J/kg·K); and ΔTstorage is the temperature swing of 

the storage medium (°C). A storage duration of 6 hours was 

adopted, consistent with the performance reported by Preci-

sion Business Insights [31] for water-based TES systems in 

industrial solar applications. This duration was not inde-

pendently optimised in this study. It reflects a practical bal-

ance between tank capital cost, which scales with storage vol-

ume, and the ability to carry collected heat through short over-

cast periods. It should be treated as a design assumption rather 

than an optimised result. Table 6 presents the TES design pa-

rameters. 

Table 6. Thermal-energy-storage model parameters. 

Parameter Value Source 

Storage medium Pressurised hot water Koçak et al. [20]; Wang et al. [42] 

Design storage temperature (°C) 75 (hot side) / 45 (cold side) Target delivery temp for pipeline heat exchanger 
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Parameter Value Source 

Temperature swing, ΔTstorage (°C) 30 Difference between hot and cold sides 

Design storage duration, τ (hours) 6 Precision Business Insights [31] 

Storage tank insulation Mineral wool, 50 mm Standard industrial TES insulation 

Tank thermal loss coefficient (W/m2·K) 0.30 Typical insulated steel tank; Koçak et al. [20] 

Heat exchanger type Shell-and-tube Standard for oil-water duty; industrial standard 

Heat exchanger effectiveness, ε 0.80 Adopted design value; Cao et al. [4] 

Number of storage tanks 1 per heater station Centralised storage at heater station location 

 

2.3.4. PipeCAD Design Model 

PipeCAD was used to develop the structural design model 

of the proposed solar-assisted crude oil heating system, repre-

senting the system as a structural and piping layout compris-

ing four principal steps. Firstly, the solar collector field array 

was modelled. The evacuated-tube collector modules were ar-

ranged in a south-facing bank at a tilt angle equal to the site 

latitude (approximately 5°N for the Niger Delta). They were 

grouped into rows with appropriate inter-row spacing to pre-

vent shading. The 3D layout defined the structural mounting 

frames, module positions, and manifold arrangement. Sec-

ondly, the primary circuit piping was modelled, generating the 

interconnecting pipe routes from the collector field to the TES 

tank. This circuit includes the pump, expansion vessel, pres-

sure relief valve, air vent, and isolation valves, with pipe di-

ameters sized using the standard velocity criterion (1.0–1.5 

m/s for the heat-transfer fluid). Thirdly, the secondary circuit 

and shell-and-tube heat exchanger were modelled. This incor-

porated the crude oil inlet and outlet connections from the ex-

isting pipeline, the bypass arrangement for conventional heat-

ing backup, and the associated control valve and instrumenta-

tion tie-ins. Fourthly, the TES tank was positioned within the 

equipment plot, with tank orientation, connection nozzles, 

safety relief route, and insulation cladding boundaries defined. 

The model’s output was simply the plan view, guiding the 

full-scale structural design for fabrication needs and further 

testing beyond the scope of this study. 

2.4. Thermal Modelling and Solar Energy 

Contribution 

Analytical heat transfer equations were applied to compute 

the solar energy contribution to total pipeline heating demand 

under Nigerian climatic conditions. No dynamic simulation 

software was used. The analysis was entirely formula-based, 

using the solar irradiation and climatic data of Section 2.4.1 

together with the collector performance parameters of Section 

2.3.2. 

2.4.1. Solar Irradiation and Climatic Data for the 

Niger Delta 

The Niger Delta region receives between 4.5 and 5.5 

kWh/m2/day of global horizontal irradiation, with distinct sea-

sonal variation between the dry season (November to March) 

and the wet season (April to October) [5]. This directly affects 

the solar fraction achieved in each period. Table 7 presents the 

monthly solar irradiation and ambient temperature data for the 

Niger Delta used in this study. The mean irradiance, G, was 

computed as daily irradiation divided by peak sun hours. No-

tably, the solar resource is lower during the wet season owing 

to increased cloud cover. 

Table 7. Monthly solar irradiation and Tamb data for the Niger Delta region. 

Month 

Mean Daily Ir-

radiation 

(kWh/m2/day) 

Mean Peak Sun 

Hours (h/day) 

Mean Irradiance G 

(W/m2) 

Mean Ambient 

Temp. Ta (°C) 
Season 

January 5.2 6.0 600 28 Dry 

February 5.4 6.2 615 29 Dry 

March 5.1 5.8 580 30 Dry 

April 4.8 5.5 545 30 Wet 

May 4.5 5.2 510 29 Wet 
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Month 

Mean Daily Ir-

radiation 

(kWh/m2/day) 

Mean Peak Sun 

Hours (h/day) 

Mean Irradiance G 

(W/m2) 

Mean Ambient 

Temp. Ta (°C) 
Season 

June 4.2 4.8 475 28 Wet 

July 4.0 4.6 460 27 Wet 

August 4.1 4.7 468 27 Wet 

September 4.3 5.0 490 28 Wet 

October 4.6 5.3 520 29 Wet 

November 5.0 5.7 560 29 Dry 

December 5.1 5.9 580 28 Dry 

Annual Average 4.69 5.40 534 28.6 — 

Source: Irradiation data adapted from Chanchangi et al. [5] and Budnukaeku [3]. 

2.4.2. Temperature Profile Along the Pipeline 

The crude oil temperature profile along the pipeline is gov-

erned by the energy balance presented in Equation (1) [4]. In-

tegrating the differential heat balance for a pipeline with no 

intermediate heat input yields the exponential temperature de-

cay given by Equation (14). 

𝑇𝑜𝑖𝑙(𝑥) =  𝑇𝑎𝑚𝑏 + (𝑇𝑖𝑛𝑙𝑒𝑡 −  𝑇𝑎𝑚𝑏) × 𝑒
−(

𝑈𝑥𝜋𝐷𝑜,𝑖𝑛𝑠
ṁ × 𝐶𝑝

)  (14) 

Equation (14) gives the crude oil temperature at any axial 

position x (m) along the pipeline and was used to determine 

the minimum pipeline length that can be supported without 

supplementary heating under given climatic and operating 

conditions. The critical pipeline length, Lmax (maximum dis-

tance over which the crude oil temperature remains above 

Tmin), was obtained by setting Toil(x) = Tmin in Equation (14) 

and solving for x, yielding Equation (15). 

𝐿𝑚𝑎𝑥  =  
ṁ × 𝐶𝑝

𝑈𝜋𝐷𝑜,𝑖𝑛𝑠
 ×  ln (

𝑇𝑖𝑛𝑙𝑒𝑡−𝑇𝑎𝑚𝑏

𝑇𝑚𝑖𝑛−𝑇𝑎𝑚𝑏
) [𝑚]     (15) 

Equation (15) was evaluated for both dry-season (high irra-

diance) and wet-season (low irradiance) conditions to deter-

mine the seasonal variation in system performance. 

2.4.3. Solar Fraction Calculation 

The solar fraction is the fraction of total pipeline heating 

demand supplied by solar energy over a defined period, com-

puted using Equation (16). 

𝑆𝐹 =  
𝑄𝑠𝑜𝑙𝑎𝑟 

𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑡𝑜𝑡𝑎𝑙
              (16) 

where Qsolar is the annual useful heat delivered by the solar 

collector field to the crude oil pipeline (Wh) and 𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑡𝑜𝑡𝑎𝑙  

is the total annual heating demand of the pipeline (Wh). The 

annual useful heat output of the collector field was computed 

using Equation (17). 

𝑄𝑠𝑜𝑙𝑎𝑟,𝑎𝑛𝑛𝑢𝑎𝑙  =  𝜂̄𝐴𝑐  ∑ (𝐺𝑚𝐻𝑚𝑁𝑚) 12
𝑚=1  [𝑊ℎ/

𝑦𝑒𝑎𝑟](17) 

where 𝜂̄ is the mean annual thermal efficiency of the collec-

tor; Gm is the monthly mean irradiance (W/m2); Hm is the 

monthly mean peak sun hours (h/day); and Nm is the number 

of days in month m, summed over all twelve months. The an-

nual heating demand was computed using Equation 18). 

𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑎𝑛𝑛𝑢𝑎𝑙  =  𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔 × 24 × 365 [𝑊ℎ/𝑦𝑒𝑎𝑟] (18) 

where Qheating is the design heating power from Equation (9). 

Substituting Equations (17 and 18) into Equation (16) yields 

the annual solar fraction for the designed system. 

2.5. Economic Analysis 

A comprehensive lifecycle cost analysis was conducted to 

compare the solar-assisted heating system against two con-

ventional alternatives: gas-fired heater stations and electric 

heat tracing. It was conducted over a 25-year study horizon, 

with all monetary values expressed in United States dollars 

(USD) at constant 2026 prices. However, slight modifications 

were made to mitigate some unstable international market 

prices. All economic calculations were implemented in Mi-

crosoft Excel. 

2.5.1. Capital Expenditure Data 

The capital expenditure (CAPEX) of the solar-assisted sys-

tem encompassed the ETC field, TES tank, heat exchanger, 

primary and secondary circuit piping, circulating pumps, in-

strumentation, structural support, and installation. Cost data 
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were drawn from published industry sources updated to 2026 

values. Table 8 presents the CAPEX cost basis and ranges. 

The collector module cost of USD 150/m2 was adopted as the 

base case for industrial ETCs deployed at project scale in a 

tropical region. The total collector-field CAPEX was given by 

280 USD/m2 × Ac, where 280 USD/m2 includes modules plus 

mounting, piping, and balance-of-system. 

Table 8. Capital expenditure cost basis for the solar-assisted crude oil heating system. 

CAPEX Component 
Cost Range (USD/m2 or 

USD M) 
Base Case Source 

Evacuated tube collector modules 120 – 190 USD/m2 150 USD/m2 
Marksparksolutions [25]; Kadam et 

al. [15] 

Structural mounting and support 80 – 150 USD/m2 80 USD/m2 Khan et al. [19] 

Primary circuit piping and fittings 50 – 120 USD/m2 50 USD/m2 Khan et al. [19] 

TES hot water storage tank 0.10 – 0.18 USD M 0.12 USD M 
Koçak et al. [20]; Precision Business 

Insights [31] 

Shell-and-tube heat exchanger 0.015 – 0.03 USD M 0.025 USD M Khan et al. [18] 

Circulating pumps (primary + second-

ary) 
0.05 – 0.15 USD M 0.08 USD M Khan et al. [18] 

Instrumentation and controls 0.010 – 0.1 USD M 0.05 USD M Cao et al. [4] 

Engineering, procurement, and construc-

tion (EPC) 
15 – 20% of equipment cost 

20% of the equip-

ment cost 
Khan et al. [19] 

Commissioning and start-up 3 – 5% of EPC value 3% of EPC value Sha et al. [34] 

Total CAPEX for solar-assisted system 

(indicative) 

USD 3,218,603 total (Ac = 

8,549.4 m2) 
USD 3.22 million Aggregated from above 

 

2.5.2. Conventional Heating System Reference Costs 

The economic comparison required a fully costed conven-

tional heating baseline. Two reference systems were used: a 

gas-fired heater station and electric heat tracing. The former is 

the predominant technology in Nigeria's oil-producing regions 

[22], while the latter is the most common alternative for iso-

lated pipeline segments [32]. Table 9 presents the capital and 

operating cost parameters adopted for both conventional ref-

erence systems. The gas price of USD 2.80/MMBtu used in 

this study is the NMDPRA commercial-sector domestic base 

price effective 1 April 2026 [28]. On the other hand, the in-

dustrial electricity rate of USD 0.10/kWh was utilized, con-

sistent with the NERC Band A tariff following the 2024 revi-

sion. 

Table 9. Cost parameters for conventional pipeline heating reference systems. 

Parameter Gas-fired Heater Station Electric Heat Tracing 

CAPEX [equipment and installation] (USD M) 1.2 – 2.5 0.8 – 1.8 

Base-case CAPEX (USD M) 2.2 1.8 

Annual fuel (gas) cost: NMDPRA DBP 2026 (USD/MMBtu) 2.80 (commercial rate) N/A (electricity used) 

Annual electricity cost (Nigeria industrial rate, USD/kWh) N/A 0.10 

Annual O&M cost (% of CAPEX per year) 8.0% 3.0% 

System thermal efficiency (%) 85 95 

Design heating power delivered (kW) Qheating from Eq. 3.8 Qheating from Eq. 3.8 
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Parameter Gas-fired Heater Station Electric Heat Tracing 

Annual fuel/energy consumption (GJ/year) Qheating,annual / ηboiler Qheating,annual / ηelectric 

Equipment life (years) 25 25 

Replacement cost at end of life (% of initial CAPEX) 40% 35% 

Source Kumar [22]; NMDPRA [28] 
Santoso et al. [32]; NERC 

[27] 

N/A means Not Available. 

2.5.3. Lifecycle Cost Analysis Equations 

The total lifecycle cost (LCC) of each heating system over 

the 25-year study horizon was computed by discounting all 

cost streams to present value using a discount rate, r, as given 

by Equation (19). It follows as previously implemented in Gil-

bert et al. [12] and Sha et al. [34]. 

𝐿𝐶𝐶 = 𝐶𝐴𝑃𝐸𝑋 + 𝑃𝑉(𝑂𝑃𝐸𝑋) + 𝑃𝑉(𝐹𝑢𝑒𝑙) + 𝑃𝑉

(𝑅𝑒𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡) − 𝑃𝑉(𝑆𝑎𝑙𝑣𝑎𝑔𝑒) [𝑈𝑆𝐷]         (19) 

The present value of a uniform annual cost stream A over 

N years at discount rate r is given by Equation (20). 

𝑃𝑉(𝐴)  =  𝐴 × 
1 − (1 + 𝑟)−𝑁 

𝑟
 [𝑈𝑆𝐷]         (20) 

The annual fuel cost for the gas-fired reference system was 

computed by Equation (21) with SF = 0 because this reference 

system supplies the full annual heating demand. For the solar-

assisted hybrid system, the same equation was evaluated using 

the achieved solar fraction (SF = 0.3869) to cost the supple-

mentary gas required for the unmet demand. 

𝐶𝑓𝑢𝑒𝑙,𝑔𝑎𝑠  =  
𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑎𝑛𝑛𝑢𝑎𝑙×(1 − 𝑆𝐹)

𝜂𝑏𝑜𝑖𝑙𝑒𝑟×1055.06
 × 𝑃𝑔𝑎𝑠  [𝑈𝑆𝐷/𝑦𝑟] 

(21) 

where the factor 1055.06 converts MJ to MMBtu, and Pgas is 

the gas price (USD/MMBtu). The term (1 − SF) represents the 

fraction of annual heating demand supplied by supplementary 

gas in the hybrid solar-plus-gas configuration. Accordingly, 

SF = 0 was used for the gas-fired reference and SF = 0.3869 

for the solar-assisted system. The net present value of the so-

lar-assisted system relative to the gas-fired reference was 

given by Equation (22). 

𝑁𝑃𝑉 =  𝐿𝐶𝐶𝑔𝑎𝑠  −  𝐿𝐶𝐶𝑠𝑜𝑙𝑎𝑟  [𝑈𝑆𝐷]       (22) 

A positive NPV in Equation (22) indicates that the solar 

system delivers greater lifecycle value than the gas-fired alter-

native [2]. The simple payback period (SPP) and discounted 

payback period (DPP) were computed from the annual savings 

using Equations (23 and 24), respectively. Unlike SPP, DPP 

accounts for the time value of money, providing a more accu-

rate estimate of the true payback duration for projects with 

long economic lives [17]. 

𝑆𝑃𝑃 =
 𝐶𝐴𝑃𝐸𝑋𝑠𝑜𝑙𝑎𝑟 

𝐶𝑓𝑢𝑒𝑙,𝑔𝑎𝑠,𝑟𝑒𝑓−𝐶𝑓𝑢𝑒𝑙,𝑔𝑎𝑠,ℎ𝑦𝑏𝑟𝑖𝑑 −𝑂𝑃𝐸𝑋𝑠𝑜𝑙𝑎𝑟
 [𝑦𝑒𝑎𝑟𝑠] (23) 

𝐷𝑃𝑃 =  𝑚𝑖𝑛 { 𝑡∗ : ∑
𝛥𝐶𝐹𝑡

(1+𝑟)𝑡 𝑡∗

𝑡=0 ≥  0 } [𝑦𝑒𝑎𝑟𝑠]   

(24) 

The levelized cost of heat (LCOH) for each system was 

computed using Equation (25), as used in Kabeyi and 

Olanrewaju [14]. 

𝐿𝐶𝑂𝐻 =  
𝐿𝐶𝐶 

∑
𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔,𝑎𝑛𝑛𝑢𝑎𝑙

(1+𝑟)𝑡
𝑁
𝑡=1  

 [𝑈𝑆𝐷/𝑘𝑊ℎ]    (25) 

Equations (20 to 25) were implemented in a Microsoft Ex-

cel workbook (version 2024), with all inputs drawn from Ta-

bles 9 and 10. A discount rate of 10% was adopted, consistent 

with the upstream Nigerian energy project benchmark used in 

Mohammed and Farzaneh [26]. 

2.5.4. Economic Sensitivity Analysis 

The lifecycle cost model and Monte Carlo sensitivity anal-

ysis were implemented entirely in Microsoft Excel. The sen-

sitivity parameters and their ranges of variation for the Monte 

Carlo simulation are defined in Table 10. These five parame-

ters (collector aperture area, collector installed cost, gas price, 

electricity price, and discount rate) were selected because they 

are the inputs with the greatest direct influence on CAPEX and 

annual cash flow in the simplified NPV formulation. In addi-

tion, this is because plausible uncertainty ranges for each were 

available from the cited market and regulatory sources (Table 

10). The parameters were sampled independently; in practice, 

gas price, electricity price, and the discount rate tend to move 

together to some degree during periods of macroeconomic 

change. Therefore, the resulting NPV distribution and the 100% 

positive-NPV probability likely understate the true downside 

risk and should be treated as an approximate, rather than a 

fully correlated, risk assessment. 
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Table 10. Monte Carlo input distributions for economic sensitivity analysis. 

Parameter Distribution Low / Mean High / Std Dev Basis 

Collector aperture area, Ac (m2) Normal 
Mean: 8,549 (Eq. 

(12)) 
σ: 855 (10% of mean) Equation (10) uncertainty 

Collector installed cost (USD/m2) Triangular Low: 150 High: 250 Marksparksolutions [25] 

Gas price (USD/MMBtu) Triangular Low: 2.5 High: 3.5 
NMDPRA [28]; market projec-

tion 

Electricity price (USD/kWh) Normal Mean: 0.15 σ: 0.015 NERC [27] 

Discount rate, r (%) Normal Mean: 10 σ: 2 Upstream Nigeria practice 

 

3. Results and Discussion 

This section presents the results obtained from the analyti-

cal model and structural design described in Section 2. It re-

ports the outcomes in the order of the study’s methodological 

sequence. The results follow: pipeline heat loss and heating 

demand; collector and thermal energy storage sizing; solar en-

ergy contribution under Niger Delta climatic conditions; cap-

ital expenditure; lifecycle cost and economic comparison with 

conventional heating systems; the Monte Carlo sensitivity 

analysis; and the PipeCAD piping and plant design represen-

tation. 

3.1. Pipeline Heat Loss and Heating Demand 

The thermal-resistance model of Equations (2 to 6) was 

evaluated using the pipeline and insulation parameters of Ta-

ble 3. Table 11 presents the computed thermal resistances and 

the resulting heat loss and heating demand for the 20 km pipe-

line segment. 

Table 11. Pipeline thermal resistances, heat loss and heating demand. 

Parameter Value 

Film resistance, Rfilm (m·K/W) 0.0042 

Pipe-wall resistance, Rpipe (m·K/W) 0.0003 

Insulation resistance, Rins (m·K/W) 1.8113 

Soil resistance, Rsoil (m·K/W) 0.3755 

Overall heat-transfer coefficient, U (W/m·K) 0.4564 

Total pipeline heat loss, Qloss,total (kW) 281.81 

Design heating demand, Qheating (kW) 1,783.31 

Annual heating demand, Qheating,annual (MWh/yr) 15,621.84 

 

The insulation layer contributes about 82.7% of the total 

thermal resistance. This confirms that the polyurethane-foam 

insulation is the dominant barrier to heat loss, consistent with 

the insulated-pipeline heat-transfer treatment of Cao et al. [4] 

and Liu et al. [24]. The resulting design heating demand of 

about 1.78 MW reflects both the sensible heat needed to raise 

the throughput to the heater-station inlet temperature and the 

distributed heat loss along the pipeline. This heating demand 

forms the baseline against which the solar collector field, TES, 

and conventional reference systems were sized and costed. 

3.2. Crude Oil Temperature Profile and Critical 

Pipeline Length 

Equation 14 was evaluated to obtain the crude oil tempera-

ture profile along the pipeline in the absence of intermediate 

heat input. Equation 15 was used to determine the critical 

pipeline length, Lmax, at which the temperature falls to the min-

imum safe value of 43°C. Figure 1 presents the resulting tem-

perature profile. 
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Figure 1. Crude oil temperature profile along the pipeline showing 

the 20 km design segment and the estimated critical (unheated) 

length range. 

Under passive cooling alone (no intermediate heating), the crude 

oil temperature falls from 65°C at the heater station to about 59.6°C 

at 20 km, well above the 43°C minimum. The corresponding criti-

cal lengths were 117.85 km for the dry season and 115.15 km for 

the wet season, both far in excess of the 20 km design segment. 

This indicates a substantial thermal safety margin in the insulation-

plus-heating design. The pipeline could, in principle, be operated 

over roughly five to six times its design length before wax deposi-

tion risk from cooling becomes critical. This presents a favourable 

outcome from a flow-assurance and operational-resilience stand-

point, should the heating system be briefly interrupted. This large 

safety margin also clarifies the relationship between the 1.78 MW 

design heating demand (Table 11) and the modest 5.4°C passive-

cooling drop shown in Figure 1. Out of the 1,783.31 kW total in 

Equation (9), only 281.81 kW (about 16%) is the pipeline heat loss, 

Qloss,total, that is actually replenished over the 20 km design length. 

The remaining 1,501.50 kW (about 84%) is the sensible-heating 

term ṁCp(Tinlet - Texit). This sizes the heater-station duty to raise the 

full crude flow by the 22°C margin between the design inlet tem-

perature (65°C) and the minimum acceptable exit temperature 

(43°C), rather than heat actually lost to the environment over 20 

km. The heating demand is therefore a heater-sizing convention, 

not a direct measure of in-pipe heat loss, which is why the passive 

temperature profile of Figure 1 falls only slightly over the design 

segment despite the much larger nominal heating demand. 

3.3. Solar Collector Array and Thermal Energy 

Storage Sizing 

The Hottel-Whillier-Bliss efficiency model and the collec-

tor-area sizing relation were evaluated using the performance 

coefficients of Table 5 and a target solar fraction of 40%. Ta-

ble 12 summarises the collector sizing results, and Table 13 

summarises the corresponding TES tank sizing obtained from 

Equation (13). 

Table 12. Solar collector array sizing results. 

Parameter Value 

Instantaneous thermal efficiency, η (design point) 0.675 

Useful heat output per unit area, Qu (W/m2) 371.4 

Gross collector aperture area, Ac (m2) 8,549.4 

Number of evacuated-tube collector modules 3,490 

Target solar fraction, SF 0.40 

Table 13. Thermal energy storage (TES) tank sizing results. 

Parameter Value 

Collector-field useful heat output, Qu × Ac (MW) 3.18 

Design storage duration, τ (hours) 6 

Required TES tank volume, Vtank (m³) 546.1 

Tank diameter, D (H/D = 1.5) (m) 7.74 

Tank height, H (m) 11.61 

A gross aperture area of about 8,549 m2, corresponding to 

roughly 3,490 evacuated-tube modules, was required to meet 

the 40% design solar fraction. This collector-field scale is con-

sistent with the order of magnitude reported for industrial-

scale solar process heat installations by Khan et al. [19] and 

Jamar [13]. The resulting TES tank of about 546 m³ provides 

a six-hour thermal buffer, allowing heat delivered during peak 

sunshine hours to be stored for use during periods of low irra-

diance. This agrees with the sensible heat-storage practice de-

scribed by Wang et al. [42] and Koçak et al. [20] for industrial 

solar applications. 

3.4. Monthly Solar Energy Contribution and 

Achieved Solar Fraction 

The monthly-resolved efficiency and solar-contribution 

calculations of Equation 17 were evaluated using the irradia-

tion data of Table 7. Figure 2 compares the monthly solar en-

ergy delivered by the collector field with the average monthly 

heating demand. 
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Figure 2. Monthly solar energy contribution to pipeline heating demand. 

The collector field delivered an annual useful heat output of 

about 6,044 MWh against an annual heating demand of 

15,622 MWh. This gives an achieved annual solar fraction of 

38.7%, marginally below the 40% design target. The shortfall 

of about 1.3% arises because the design point (Table 5) was 

evaluated at a single representative irradiance and temperature. 

Whereas the achieved value integrates the monthly variation 

in irradiance and collector efficiency shown in Table 7, in-

cluding the reduced solar resource during the wet season 

(April to October). Solar delivery is highest in the dry season 

(peaking at about 647 MWh in January) and lowest in the wet 

season (about 361 MWh in July), tracking the seasonal irradi-

ation pattern reported for the Niger Delta by Chanchangi et al. 

[5]. 

3.5. Capital Expenditure of the Solar-Assisted 

System 

The capital expenditure (CAPEX) of the solar-assisted 

heating system was computed from the cost basis of Table 8 

for the sized collector area of 8,549.4 m2. Table 14 presents 

the computed CAPEX breakdown. 

Table 14. Computed CAPEX breakdown for the solar-assisted heat-

ing system. 

CAPEX Component Cost (USD) 

Collector field (modules + mounting + 

piping) 

2,393,825 

Thermal energy storage tank 120,000 

Shell-and-tube heat exchanger 25,000 

Circulating pumps 80,000 

Instrumentation and controls 50,000 

CAPEX Component Cost (USD) 

Engineering, procurement and construc-

tion (EPC) 

533,765 

Commissioning and start-up 16,013 

Total CAPEX 3,218,603 

The total CAPEX of the solar-assisted system was about 

USD 3.22 million, of which the collector field (modules, 

mounting, and primary piping) alone accounted for nearly 

three-quarters of the cost. Akar and Kurup [1] and Sha et al. 

[34] showed similar results with the collector-dominated cost 

structure reported for large evacuated-tube installations. The 

EPC allowance was the second-largest contributor, reflecting 

the engineering and installation effort typical of first-of-a-kind 

industrial solar retrofits [19]. This CAPEX is markedly higher 

than the base-case CAPEX of the gas-fired and electric heat-

tracing reference systems. The following section presents the 

results of assessing the systems against lifecycle operating-

cost savings. 

3.6. Lifecycle Cost, Payback Period, and 

Levelized Cost of Heat 

Equations 20 to 25 were evaluated over the 25-year study 

horizon at a discount rate of 10%. The economic model was 

audited to ensure that the solar-assisted system includes both 

routine O&M and supplementary gas required for the portion 

of annual heating demand not met by solar. The achieved solar 

fraction, SF = 0.3869, was used for the hybrid system; the gas-

fired and electric reference systems were costed at SF = 0 be-

cause each reference supplies the full annual heating demand. 

Table 15 summarises the corrected results. 
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Table 15. Lifecycle cost and levelized cost of heat comparison. 

Metric Solar-Assisted Gas-Fired Reference Electric Heat-Tracing 

Base-case CAPEX (USD) 3,218,603 2,200,000 1,800,000 

Annual OPEX (USD/yr) 139,840 351,589 1,698,404 

Life-cycle cost, LCC (USD) 4,860,212 5,594,436 17,316,160 

LCOH (USD/kWh) 0.0343 0.0395 0.1221 

 

With supplementary gas included, annual OPEX is USD 

139,840 for the solar-assisted system, compared with USD 

351,589 for the gas-fired reference and USD 1,698,404 for 

electric heat tracing. The corresponding 25-year lifecycle 

costs, including the replacement-cost assumptions, are USD 

4.860 million, USD 5.594 million, and USD 17.316 million, 

respectively. The NPV of the solar-assisted system relative to 

gas-fired heating is therefore approximately USD 734,224. 

The incremental capital premium is USD 1,018,603, while the 

annual OPEX saving is USD 211,748. On this consistent in-

cremental-CAPEX basis, the simple payback period is 4.81 

years. Discounting the annual savings at 10% gives a dis-

counted payback of approximately 6.89 years (interpolated 

within year 7). The corrected LCOH values are USD 

0.0343/kWh for solar-assisted heating, USD 0.0395/kWh for 

gas-fired heating, and USD 0.1221/kWh for electric heat trac-

ing. Thus, the solar-assisted option has an LCOH about 13.1% 

below the gas-fired reference and 72.0% below electric heat 

tracing. These estimates depend on the stated fuel-price, effi-

ciency, O&M, replacement, and discount-rate assumptions 

and should not be interpreted as site-validated costs. 

3.7. Monte Carlo Sensitivity Analysis 

A 2,000-iteration Monte Carlo simulation was calculated 

using a simplified NPV formulation that includes full-demand 

gas cost for the gas-fired reference and supplementary gas cost 

for the solar-assisted system at the achieved SF. The sampled 

parameters remain collector aperture area, collector installed 

cost, gas price, electricity price, and discount rate. Table 16 

reports the calculated distribution. Because this remains a sim-

plified model and assumes independent parameter sampling, 

its probability estimate should be interpreted as indicative ra-

ther than as a fully correlated risk assessment. 

Table 16. Monte Carlo simulation results for simplified NPV. 

Statistic Value 

Mean simplified NPV (USD) 2,018,770 

Standard deviation of NPV (USD) 539,727 

5th percentile NPV (USD) 1,152,174 

Statistic Value 

95th percentile NPV (USD) 2,878,382 

Probability of positive NPV, P (NPV > 0) 100.0% 

Minimum NPV (USD) 28,802 

Maximum NPV (USD) 4,387,154 

 
Figure 3. Monte Carlo cumulative probability distribution of simpli-

fied NPV. 

The 2,000-draw simulation produced a mean simplified 

NPV of USD 2.019 million and a 100% frequency of positive 

NPV in the sampled draws. The 5th percentile was USD 1.152 

million, and the minimum was approximately USD 28,802. 

These figures were generated by the workbook's simplified 

model and are not a substitute for a full probabilistic lifecycle 

model. 

3.8. PipeCAD Piping and Plant Design 

Representation 

To satisfy this study’s objective of a structural design, the 

sized equipment and line data from Sections 3.1 to 3.6 were 

translated into a 3D piping and plant design, in Figure 4, using 

PipeCAD. The collector-field area, TES tank geometry, heat-

exchanger effectiveness, pipeline bore, insulation thickness 

and burial depth, and the design heating duty and achieved so-

lar fraction were carried across directly as equipment and line 

attributes. The produced drawing is parametrically consistent 
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with the analytical results reported above. The resulting gen-

eral arrangement/plot plan lays out the ETC field (EQ-100, 

8,549 m2), the shell-and-tube heat exchanger (E-101), the TES 

tank, the heater-station skid, the primary and secondary circu-

lating pumps (P-101, P-102), and the tie-in to the buried 20 

km, 10-inch API 5L X65 crude oil pipeline (L-201). Temper-

ature, flow, and pressure instrumentation are shown at the 

heater-station tie-in and collector-field header. This specifi-

cally satisfies the process instrumentation implied by the heat-

loss and demand model of Section 2.2.3. 

 
Figure 4. General Arrangement / Plot Plan of the solar-assisted crude oil pipeline heating system. 

Finally, the PipeCAD representation demonstrates that the 

analytical design translates into a dimensionally consistent 

plant layout. Consistency between the drawing title block and 

the analytical model indicates that the technical and economic 

results are not merely theoretical. However, the full construc-

tability of the analytical model would require detailed engi-

neering design, equipment vendor data, and site-specific re-

view beyond the scope of this study. Together, these findings 

show that a solar-assisted heating system can meet Nigerian 

pipeline flow-assurance requirements at a lower lifecycle cost 

than conventional alternatives. Nonetheless, the seasonal so-

lar-fraction shortfall remains the principal limitation for future 

refinement. 

4. Conclusions and Recommendations 

4.1. Conclusions 

This study developed and evaluated an analytical techno-

economic model for a solar-assisted crude oil pipeline heating 

system for a representative 20 km Niger Delta pipeline seg-

ment. The pipeline heat-loss and demand model showed that 

polyurethane-foam insulation accounts for about 82.7% of the 

total thermal resistance. This resulted in a design heating de-

mand of about 15,622 MWh/yr for the 20 km target segment. 

The pipeline retained a substantial passive thermal margin, 

with a critical unheated length of 115–118 km compared with 

the 20 km design length. Some notable conclusions of this 

study include: 

1) A collector field of about 8,549 m2 (3,490 evacuated-

tube modules) with a 546 m³ thermal energy storage tank 

was required to approach a 40% design solar fraction. 

The achieved annual solar fraction was 38.7%, with so-

lar contribution strongly seasonal. 

2) After explicitly including supplementary gas for the 61.3% 

of annual demand not met by solar and correcting the 

conventional reference costs to cover full demand, an-

nual OPEX was USD 139,840 for solar-assisted heating, 

USD 351,589 for gas-fired heating, and USD 1.698 mil-

lion for electric heat tracing. 

3) The corrected 25-year lifecycle costs were USD 4.860 
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million, USD 5.594 million, and USD 17.316 million, 

respectively. 

4) Relative to gas-fired heating, the solar-assisted system 

achieved an estimated positive NPV of USD 734,224, a 

simple payback of 4.8 years, and a discounted payback 

of 6.9 years on the incremental-CAPEX basis. Its LCOH 

of USD 0.0343/kWh was about 13.1% below the gas-

fired reference and 72.0% below electric heat tracing. 

5) The Monte Carlo analysis indicated a 100% frequency 

of positive NPV under the specified independent input 

distributions, but the simplified model and limited treat-

ment of correlated uncertainty require caution. The sized 

collector field, TES tank, heat exchanger, pumps, and 

pipeline tie-in were translated into a PipeCAD general 

arrangement/plot plan. However, the physical construc-

tability still requires detailed engineering and site-spe-

cific validation. 

Overall, the analysis indicates that solar-assisted heating 

may be economically competitive with conventional systems 

under the assumptions modelled, even when the backup-fuel 

requirement is included. The LCOH advantage over gas-fired 

heating is marginal but still very significant. Results are based 

on an analytical, formula-based model using published inputs 

rather than field-measured or dynamically simulated perfor-

mance and should be interpreted within that scope. 

The study provides a reproducible spreadsheet-based work-

flow linking thermal sizing, solar contribution, lifecycle cost, 

and a PipeCAD design representation. The economic conclu-

sions are conditional on the achieved solar fraction, the 

adopted gas and electricity prices, equipment efficiencies, 

O&M and replacement assumptions, and the 10% discount 

rate. Further field validation and a more complete probabilis-

tic assessment are required before investment decisions. 

4.2. Recommendations 

Based on the findings of this study, the following recom-

mendations are given: 

Considering the collector field's dominant share of CAPEX, 

procurement strategies that secure evacuated-tube collectors 

at or near the bulk-purchase price used in this model (USD 

150/m2) should be prioritized. This is because collector unit 

cost was shown to be an important determinant of overall pro-

ject economics. 

Because the achieved solar fraction falls during the wet sea-

son, a supplementary or hybrid gas/electric trim-heating ca-

pacity, sized to cover the wet-season shortfall, should be re-

tained alongside the solar system rather than treating it as a 

full replacement for conventional heating. 

Future work should extend the Monte Carlo analysis to in-

clude other parameters, including solar fraction, O&M rates, 

and fixed CAPEX, to obtain a more complete probabilistic 

risk assessment. 

A pilot-scale installation on a shorter pipeline segment is 

recommended before full-scale deployment, to validate the 

collector performance and achieved solar-fraction assump-

tions of this analytical model against field-measured data. 

Abbreviations 

Ac Gross Collector Aperture Area (m2) 

a₁ First-order Collector Heat-loss Coefficient (W/m2·K) 

a2 Second-order Collector Heat-loss Coefficient (W/m2·K2) 

A Uniform Annual Cost Stream (USD/year) 

API American Petroleum Institute 

CAPEX Capital Expenditure 

Cp Specific Heat Capacity of Crude Oil (J/kg·K) 

Cp,water Specific Heat Capacity of Water (J/kg·K) 

D Thermal Energy Storage Tank Diameter (m) 

Di Internal Pipeline Diameter (m) 

Do External Pipeline Diameter (m) 

Do,ins External Diameter of Pipeline Including Insulation (m) 

DPP Discounted Payback Period (years) 

EPC Engineering, Procurement and Construction 

ETC Evacuated-Tube Collector 

FPC Flat-Plate Collector 

G Global Solar Irradiance on Collector Aperture (W/m2) 

Gm Monthly Mean Solar Irradiance (W/m2) 

H Pipeline Burial Depth or TES Tank Height, as Applicable (m) 

Hdaily Average Daily Peak Solar Hours (h/day) 

Hm Monthly Mean Peak Sun Hours (h/day) 

hi Internal Film Heat-transfer Coefficient (W/m2·K) 

L Pipeline Length (m or km) 
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LCC Life-Cycle Cost (USD) 

LCOH Levelized Cost of Heat (USD/kWh) 

Lmax Critical Maximum Unheated Pipeline Length (m or km) 

ṁ Crude-oil Mass Flow Rate (kg/s) 

N Economic Study Horizon (years) 

Nm Number of Operating Days in Month m (days) 

Ndays Number of Operating Days per Year (Days/Year) 

NPV Net Present Value (USD) 

Nmodules Number of Evacuated-tube Collector Modules 

O&M Operation and Maintenance 

OPEX Operating Expenditure 

Pgas Natural-gas Price (USD/MMBtu) 

PTC Parabolic-Trough Collector 

Qheating Design Heating Power Required at the Heater Station (W or kW) 

Qheating,annual Annual Pipeline Heating Energy Demand (Wh/year or MWh/Year) 

Qheating,total Total Annual Heating Demand Used in the Solar-fraction Calculation (Wh) 

Qloss Heat-loss Rate per Unit Pipeline Length (W/m) 

Qloss,total Total Pipeline Heat Loss (kW) 

Qsolar Annual Useful Heat Delivered by the Solar Collector Field (Wh) 

Qu Useful Collector Heat Output per Unit Collector Area (W/m2) 

Rfilm Internal Crude-oil Film Thermal Resistance per Unit Length (m·K/W) 

Rpipe Pipeline Wall Thermal Resistance per Unit Length (m·K/W) 

Rins Insulation Thermal Resistance per Unit Length (m·K/W) 

Rsoil Surrounding-soil Thermal Resistance per Unit Length (m·K/W) 

r Discount Rate (Fraction or%) 

SF Solar Fraction 

SPP Simple Payback Period (years) 

T̄oil Mean Crude-oil Temperature Along the Pipeline (°C) 

Ta Ambient Air Temperature (°C) 

Tamb Ambient/Soil Temperature (°C) 

Texit Minimum Acceptable Crude-oil Temperature at Pipeline Exit (°C) 

Tinlet Crude-oil Temperature at the Heater-station Inlet (°C) 

Tm Mean Heat-Transfer-Fluid Temperature in the Collector (°C) 

Tmin Minimum Safe Pipeline Operating Temperature (°C) 

Toil(x) Crude-oil Temperature at Axial Position x (°C) 

U Overall Heat-transfer Coefficient per Unit Pipeline Length (W/m·K) 

Vtank Required Thermal Energy Storage Tank Volume (m³) 

WAT Wax Appearance Temperature (°C) 

x Axial Distance Along the Pipeline (m) 

ΔTstorage Thermal Energy Storage Temperature Swing (°C) 

ε Heat-exchanger Effectiveness 

η Instantaneous Thermal Efficiency of the Solar Collector 

η₀ Zero-loss (Optical) Collector Efficiency 

η̄ Mean Annual Thermal Efficiency of the Solar Collector 

ηboiler Thermal Efficiency of the Gas-fired Heating System 

ηelectric Thermal Efficiency of the Electric Heating System 

λins Thermal Conductivity of Insulation (W/m·K) 

λoil Thermal Conductivity of Crude Oil (W/m·K) 

λsoil Thermal Conductivity of Surrounding Soil (W/m·K) 

λsteel Thermal Conductivity of Pipeline Steel (W/m·K) 

ρwater Density of Water Used as the TES Medium (kg/m³) 

σ Standard Deviation Used for Normally Distributed Monte Carlo Inputs 

τ Design Thermal Energy Storage Duration (h) 
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