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The Nigerian Journal of Renewable Energy Research is dedicated to advancing and 
sharing knowledge on the diverse topics and technologies related to renewable energy 
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sustainable energy alternatives into existing practices. 
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FOREWORD 
Renewable energy is derived from sources that naturally replenish within a short span. 
This includes solar, wind, water, biomass, and geothermal energy. Although 'green 
energy' aligns closely with renewable energy, it is a specific category that offers maximum 
environmental advantages. Clean energy sources, which produce minimal carbon 
emissions, comprise renewable energies as well as nuclear power. 
 
Historically, renewable energy has been employed for heating and power, and in more 
modern contexts, electricity generation. In Nigeria, like many developing nations, 
renewable energy hasn't made a significant mark in primary energy utilization. Despite a 
heavy reliance on fossil fuels for heating, electricity, and transport, events like the 1970s 
oil crises urged investments in alternative energies. Likewise, the adverse impacts of 
climate change have amplified the public's call for energy not derived from fossil fuels, 
with this call being further bolstered by governmental incentives and standards. 
 
The Nigerian Journal of Renewable Energy Research is committed to providing 
essential resources centered on the commerce of renewable energy production and 
distribution. Augmenting renewable energy's role in sustainable development 
encompasses: 
a. Backing initiatives that address the environmental, economic, health, and social 

repercussions and advantages of renewable energy, promoting transparency, and 
ensuring sustainability in energy development through collaborations at various 
levels.  

b. Amplifying stakeholder involvement, including that of local, indigenous communities 
and women, to actively partake in renewable energy projects, including post-
operational mine closures and site rehabilitation.  

c. Encouraging sustainable practices in renewable energy utilization by offering 
financial, technical, and capacity-building support to developing nations, promoting 
value-added processing, and focusing on site restoration. 

 
Renewable energy is crucial for every nation, especially the developing ones, given its 
pivotal contributions to the global economy and contemporary societies. To capitalize on 
this sector, judicious investments are essential. In Nigeria, the sector's potential remains 
untapped. Effective management of renewable energy can propel comprehensive 
economic growth, alleviate poverty, and help nations achieve global developmental 
milestones, such as the Sustainable Development Goals. 
 
For Nigeria to benefit from the renewable energy sector, it must invest rightly, instate 
robust legal frameworks, ensure economic and social benefits, minimize adverse impacts, 
uphold biodiversity, and counter illegal financial outflows from mining operations. Despite 
the significance of the sector, Nigeria has faced hurdles in drawing investments from 
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domestic and international renewable energy firms. This hesitancy stems from the 
unpredictability of this sector's investments in the country. To counter this, a cohesive 
effort involving the national and local governments, industry stakeholders, and the public 
is needed to ensure a stable investment landscape. 
 
A thriving renewable energy industry is paramount for Nigeria's vision of a well-rounded 
and robust economy, offering opportunities to all. The nation should consistently bolster 
the renewable energy sector, focusing on research, clean energy utilization, and 
environmental safeguards. The right research can spur economic growth by luring 
investments and initiating auxiliary projects, which, in turn, can provide job and business 
prospects for its citizens. 
 
This Journal is dedicated to advancing research endeavors in renewable energy. We see 
this publication as a testament to our commitment to a pivotal economic sector and our 
allegiance to environmental conservation. 
 
S.N. Mumah, PhD, FNSChE  
Director, TETFund Centre of Excellence for Renewable Energy,  
Kaduna Polytechnic, Kaduna, Nigeria. 
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Abstract 

Energy is fundamental necessary for any industrial economy, yet it is often overlooked in the drive 

for profitability. Recent energy market development, including deregulation, increasing oil and 

gas prices as well as effect of combustion gas on the environment has created a new emphasis on 

energy management. Pinch technology is a vital tool to achieve this objective. Therefore, energy 

Integration of Naphtha Hydrotreating Unit (NHU) of Kaduna Refinery and Petrochemicals 

Company was carried out using Pinch Technology. Optimum minimum approach temperature of 

10oC was obtained. The pinch point was found to be 488 K. The utility and capital cost for optimum 

MTA of 10oC are $2.80664 x 106 and $1.2798 x 106 respectively.  The cold utility requirements of 

traditional energy approach and pinch analysis of HDS obtained are 22,492.4 kW and 15,408.4 

kW respectively while the hot utility requirements of traditional energy approach and pinch 

analysis are 24,516.0 kW and 18,246.1 kW respectively resulting in energy saving of 28.5% of 

total energy. Pinch analysis as an energy integration technique saves more energy and utilities 

cost than the traditional energy technique.   

 

1. Introduction 

Pinch technology is a complete methodology derived from simple scientific principles by which it 

is possible to design new plants with reduced energy and capital costs as well as where the existing 

processes require modification to improve performance. An additional major advantage of the 

Pinch approach is that by simply analyzing the process data using its methodology, energy and 

other design targets are predicted such that it is possible to assess the consequences of a new design 

or a potential modification before embarking on actual implementation (Akande, 2007). 

Pinch analysis originated in the petrochemical sector and is now being applied to solve a wide 

range of problems in mainstream chemical engineering. Wherever heating and cooling of process 

mailto:hassan.akande@kadunapolytechnic.edu.ng
https://doi.org/10.1016/j.molstruc.2023.136180
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materials take place, there is a potential opportunity. The technology, when applied with 

imagination, can affect reactor design, separator design and the overall process optimization in any 

plant. It has been applied to process problems that go far beyond energy conservation. It has been 

employed to solve problems as diverse as improving effluent quality, reducing emission, 

increasing product yield and debottlenecking, increasing throughput and improving the flexibility 

and safety of the process (Akande, 2007). 

 

Energy saving in the Nigerian industrial sector has several possibilities, due to the fact that, almost 

all the industrial equipment stock in Nigeria were imported during the era of cheap energy. 

Consequently, they are inherently energy inefficient. Furthermore, given the fact that energy prices 

had been kept at a low level up to 1985, energy cost has not been a significant fraction of total 

production cost even for energy intensive industry like refineries in Nigeria. The improvement of 

energy efficiency can provide substantial benefit in general to all the sectors of the economy (Dayo, 

1994). The Naphtha Hydrotreating Unit is a sweetening process involving removal of impurities, 

like sulfur, nitrogen, oxygen etc, that constitute catalyst poison in the presence of a catalyst. 

Therefore, major reactions include; Desulphurization, denitrification and hydrogenation reactions 

(Joseph, 2010). The Naphtha Hydrotreating Unit, NHU is designed to provide suitable feed, treated 

heavy Naphtha cut of sulfur content less than 1.00ppm for the Catalytic Reforming Unit (CRU) 

(Chiyoda, 1980).  Catalytic treatment of Whole naphtha for the removal of impurities by reaction 

with hydrogen Separation of Whole naphtha into its fractions (Chiyoda, 1985) 

  

Process integration using Pinch Technology offers a novel approach to generate targets for 

minimum energy consumption before heat recovery network design. The Pinch design can reveal 

opportunities to modify the core process to improve heat integration.  Pinch Analysis is used to 

identify energy cost and heat exchanger network (HEN) capital cost targets for a process and 

recognizing the pinch point. The procedure first predicts, ahead of design, the minimum 

requirements of external energy, network area, and the number of units for a given process at the 

pinch point. Next a heat exchanger network design that satisfies these targets is synthesized. 

Finally, the network is optimized by comparing energy cost and the capital cost of the network so 

that the total annual cost is minimized. Thus, the prime objective of energy integration is to achieve 

financial savings by better process heat integration (maximizing process-to-process heat recovery 

and reducing the external utility loads) (Akande, 2007).  

 

2. Pinch Technology 

Most processes need to consume energy at one temperature level and reject it at another level. This 

is achieved using utilities. Energy is provided to a process using such utilities as steam, hot water, 

flue gas etc. it is rejected to cooling water, air, refrigerant or in heat recovery steam rising. Heat 

recovery is used to reduce the utility cost of a process. Evaluation of heat recovery involves a 

balancing of utility against the capital cost of the heat recovery system. The utility cost not only 

depends upon the amount of energy consumed and rejected but on the utility actually used. Cooling 

water is cheaper than refrigerant, low pressure steam is cheaper than high pressure steam (Adefila, 

2002).    

 

 

2.1 Principle of pinch technology 
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Pinch analysis is a rigorous, structured approach that can be used on a wide range of process and 

site utility related problems. Such as lowering operating costs, de-bottlenecking processes, raising 

efficiency and reducing capital investment (Linhoff and Hindmarch, 1983). Looking at its 

application in terms of energy improvement, we start by considering the heat and material balance, 

of the process in question.  The majority of processes consist of streams that need to be heated up 

and streams that need to be cooled down. For each stream that requires heating or cooling, there 

are two basic choices.  The heat can either be exchanged between two process streams or it can be 

exchanged between the process and the utility system.  A fundamental strength of pinch analysis 

is that it determines the most appropriate set of heat exchange matches.  In doing so, it reduces the 

cost of hot and cold utilities by minimizing the cascade of heat from the expensive, high 

temperature region down to ambient and also from ambient down to expensive, sub ambient 

temperatures (Linhoff and Parker, 1984). 

 

The power of pinch technology lies in two factors (Linhoff and Vredeveld, 1984): 

1. Its ability to quickly evaluate the economics of heat recovery for a given process. 

2. The guidance it provides regarding how a process can be modified in order to reduce associated 

utility needs and costs. 

It is these two factors that attract the use of pinch technology to analyze and design the heat 

exchanger network of any system.  Here, only the source and target temperature, heat capacity and 

mass flow rates of the process streams are required to carry out the analysis and it works on certain 

established principles or concepts such as Problem Table Calculation, Composite Curve, Grand 

Composite Curve, Super Target, Grid representation etc (Linhoff and Vredeveld, 1984). 

 

2.2 Targets 

Targets are theoretical values that represent the ideal or perfect situation. They are very important 

as an analysis tool as it provides a comparison for how close the current design is to the optimal 

design (Linnhoff and Parker, 1984). 

 

2.3 Energy Targets 

Energy targets are the minimum amount of utilities needed to satisfy the process stream 

requirements (Linnhoff and Parker, 1984). In pinch software, the energy target values are 

calculated depending on the Utility Load Allocation Method and pinch temperature. The hot and 

cold utility energy targets are both displayed (Linnhoff and Parker, 1984). 

 

2.4 Pinch Temperature 

The pinch temperature is used in designing the optimal HEN by identifying the following 

(Linnhoff and Parker, 1984): 

• Impossible heat transfer between streams when the temperature difference between streams is 

equal or less than the pinch temperature. 

• Unnecessary use of cold utility, when a cold utility is used to cool hot streams in the region 

above the pinch. 

• Unnecessary use of hot utility, when a hot utility is used to heat cold streams in the region 

below the pinch. 

 

 

2.5 Plots 
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Plots provide a visual analysis of key variables and trends for the heat integration in a given stream 

data. pinch software has a wide variety of plots available. 

 

Composite Curve 

A Composite Curve is a graphical combination (or composite) of all hot or cold process streams 

in a heat exchange network (Linnhoff and Vredeveld, 1984). The Composite Curve plot displays 

both the hot composite curve and cold composite curve on the same plot. The closest temperature 

difference between the hot and cold composite curves is known as the minimum approach 

temperature, ΔTmin. The composite curves are moved horizontally such that the minimum approach 

temperature on the plot equals the minimum approach temperature you specified (Linnhoff and 

Vredeveld, 1984). 

 

 
Figure 1. Composite Curve 

 

Shifted Composite Curve 

The Shifted Composite Curve is constructed the same way as the Composite Curve (Linnhoff, 

1983). However, the Hot Composite Curve (HCC) is shifted down by ΔTmin/2 and the Cold 

Composite Curve (CCC) is shifted up by ΔTmin/2. The following equations show how the shifted 

temperatures are calculated: 

 

𝑆ℎ𝑖𝑓𝑡𝑒𝑑 𝐻𝑜𝑡 𝑆𝑡𝑟𝑒𝑎𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 𝑈𝑛𝑠ℎ𝑖𝑓𝑡𝑒𝑑 𝐻𝑜𝑡 𝑆𝑡𝑟𝑒𝑎𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 −
∆𝑇𝑚𝑖𝑛

2
        (1) 

 

𝑆ℎ𝑖𝑓𝑡𝑒𝑑 𝐶𝑜𝑙𝑑 𝑆𝑡𝑟𝑒𝑎𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 𝑈𝑛𝑠ℎ𝑖𝑓𝑡𝑒𝑑 𝐶𝑜𝑙𝑑 𝑆𝑡𝑟𝑒𝑎𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 +
∆𝑇𝑚𝑖𝑛

2
   (2)                    

 

The result is that the hot and cold composite curves meet at the pinch location. The Figure 2 

displays the unshifted and shifted composite curves. It can be observed that the two curves are 

shifted vertically. 

 

Grand Composite Curve 

The Grand Composite Curve is a plot of shifted temperatures versus the cascaded heat between 

each temperature interval (Linnhoff and Hindmarch, 1983). It shows the heat available in various 

temperature intervals and the net heat flow in the process (which is zero at the pinch). A grand 

composite curve sample is displayed in the figure below (Linnhoff and Hindmarch, 1983). 



NJRER - Vol. 1, No. 1 - 2023: Energy Saving 0f Naphtha Hydrotreating (NHU) Plant Using Heat Integration: 

By Akande H. F., Nwafulugo F.U., Mumah S.N., Suleman N. and Onifade K. R. 

Nigerian Journal of Renewable Energy Research Volume 1, Number 1 - 2023 Page 5 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Grand Composite Curve 

 

2.6 Degrees of Freedom 

The value of the degrees of freedom indicates whether the HEN design can be controlled or not 

(Linnhoff and Hindmarch, 1983):  

• NDoF < 0 indicates that there are not enough manipulated variables in the HEN design and it is 

not possible to control all target temperatures. 

• NDoF = 0 indicates that there are enough manipulated variables in the HEN design to control 

the target streams' temperatures. 

• NDoF > 0 indicates that there are enough manipulated variables in the HEN design and you can 

implement more sophisticate control structures. The number of degrees of freedom is 

calculated using the following equation: 

 

𝑁𝐷𝑂𝐹 = 𝑁𝑚𝑣 − 𝑁𝑡𝑠         (3) 

 

2.7 Area Targets  

The area targets are the minimum amount of heat transfer area required for the hot and cold streams 

in a heat exchanger network (HEN) to achieve their specified temperature values. This equation is 

also known as the Uniform BATH Formula. The basic equation used to calculate the area target 

is: 
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2.8 Number of Units Targets  

Unit and shell targeting involve the calculation of the minimum number of units and shells in the 

heat exchanger network. The calculation is based on Euler's Network Theorem (Linnoff, 1983). 

iliu NNNN −+=min,                     (5)  
 

Equation (5) is the minimum number of units in the heat exchanger network, not considering the 

existence of the pinch. The primary reason for calculating subsets is to simplify networks with a 

large number of streams. The minimum overall unit target can be expressed as: 

1min, −= su NN
                    (6)

 

Equation (6) is the minimum number of units in the heat exchanger network, not considering the 

existence of the pinch. In order to consider maximum energy recovery in the calculation of the 
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minimum number of units in the heat exchanger network, the existence of the pinch must be 

considered (Linhoff, 1983). 

 

The minimum number of units considering the pinch is calculated as follows in Equation 7: 

 

( ) ( )11min, −+−= BAu NNN
                   (7) 

 

2.9 Cost Targets 

The total annual cost of a heat exchanger network (HEN) is comprised of two parts: the capital 

cost and the operating cost.  

• The operating cost network is the cost required to operate the process ($/yr). 

• The capital cost of the network is a single investment required to build the heat exchanger 

network ($). 

The target capital cost depends largely on how the area targets were calculated and what heat 

exchanger configurations are used in the HEN design (Linhoff, 1983). 

 

3. Methodology 

This chapter presents all the steps involved in the analysis, designing and optimization of Heat 

Exchangers Network of Naphtha Hydrotreating Unit (NHU) of Kaduna Refining and 

Petrochemical Company. The procedures involved data extraction, process simulation and pinch 

analysis which are shown under Figure 3. The procedure involved analyzing of the existing Heat 

Exchangers Network of the unit in order to extract all the necessary information required for the 

analysis. As mentioned earlier, the use of pinch technology in the energy conservation area remains 

the focus of this work.  

 

 

 

 

 

 

 

 

 

Figure 3. Steps involved in the energy integration of NHU unit of KRPC 

 

3.1 Data Extraction 

In the analysis of the existing network, a thorough study of the Process Flow Diagram (PFD) as 

shown in figure 8, Piping and Instrumentation Diagram (P&ID) and Laboratory analysis of the 

NHU feed and Products (treated kerosene) of NHU were carried out in order to extract all the 

necessary and available information require to carry out the process simulation of the NHU plant. 

The feed and product compositions of the laboratory analysis were used in carrying out the process 

simulation. The stream temperatures, mass flow rates, pressures were also extracted from PFD and 

P&ID for carrying out the pinch analysis as shown in Table 1. 

 

 

Pinch Analysis 

 Data Extraction 

Process Simulation 
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3.2 Process Simulation Procedure 

Hysys Process Simulator was used for the process simulation of the plant streams. The source and 

target temperatures of all the streams, mass flow rates, feed and product compositions of the feed 

and product of the plant were used for obtaining the enthalpies of the streams. The stream 

enthalpies of the process and utility heat exchangers are shown in Table 2. 

 

3.3 Simulation Procedure 

Aspen Energy Analyzer procedure for carrying out pinch analysis is shown in Figure 6. 

 

4. Results and Discussion 

 

4.1 Data extraction  

Heat loads and temperatures for all the streams in the process are required for the heat integration 

carried out in this project. The Target and supply temperatures for the streams involved were 

identified as shown in Table 2. A furnace provides utility heating in the NHU Unit. The furnace 

design which was represented for fired heaters for the Pinch analysis as a heat sources as a single 

temperature that is hot enough to satisfy any anticipated heat load in the NHU Unit. The air-cooling 

and water-cooling likewise can each be represented as heat sinks at a single temperature 

 

4.2 Minimum Temperature Approach  

In order to generate targets for minimum energy targets the ΔT
min 

value was set for the problem. 

ΔT
min

, or minimum temperature approach, is the smallest temperature difference that was allowed 

between hot and cold streams in the heat exchanger where counter-current flow was assumed. This 

parameter reflects the trade-off between capital investment (which increases as the ΔT
min 

value 

gets smaller) and energy cost (which goes down as the ΔT
min 

value gets smaller). For the purpose 

of this project, typical ranges of ΔT
min 

values that have been found to represent the trade-off for 

each class of process have been used. Table 5 shows typical numbers that are appropriate for many 

refinery units such as NHU Units, cokers, crude units, hydrotreaters and reformers. 

 

In this study a ΔT
min 

value of 10°C was used, which is fairly aggressive for NHUs. This is applied 

to all process-to-process heat exchanger matches. Rather different trade-offs apply for heat transfer 

between process streams and utilities, separate ΔT
min 

values for each utility was defined. Table 5 

show that a minimum temperature approach (∆Tmin) required for the NHU plant is 20 K. This is 

the closest approach temperature that is allowable between two streams exchanging heat. 

Typically, in a petrochemical plant such as NHU plant, a value of 10 to 20 K is reasonable (Linhoff, 

1983). However, the optimum value of 20 K of this parameter is significantly affected by the 

Feed and Product Compositions 

from the Laboratory Data 

 

Streams Temperatures, Pressures, 

Flow rates from PFD and P&ID 

 

Figure 4. Data Extraction Steps 
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relative costs of energy and heat exchange area, and this is the primary parameter that was 

optimized in the pinch design program. Table 6 shows the optimum value of 20 K obtained as 

minimum temperature obtained for the pinch analysis of NHU plant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The minimum approach temperature obtained affected both the capital costs and the operating 

costs. A low value minimum approach temperature of 20 K means that hot streams approached the 

temperature of the cold streams more closely. The cold stream thus absorbs more heat from the 

hot stream. This reduces the utility heating required for the cold stream and also the utility cooling 

required for the hot stream, as the hot stream exits at a lower temperature after heat exchange with 

the cold stream. This also reduces the operating costs by lowering the utility costs, but it also 

increases the capital costs, since the lower approach temperature between the hot and cold streams 

reduces the Log Mean Temperature Difference (LMTD) in the heat exchanger. The lowered 

driving force and higher duty of individual heat exchangers resulted in larger heat exchanger areas 

being required, which increases capital costs. Similarly, a large value of the minimum approach 

temperature resulted in lower capital costs and higher utility (operating) costs. 

 

 

 

Figure 5. Process Simulation Steps using HYSYS 

 

Component Selection 

Chemical Reaction 

Thermodynamic Selection (Fluid 

Package) 

Feed and Product Specification 

(Feed Condition and Composition) 

Process Flow Diagram 

Simulation Results 

Hysys Spreadsheet 
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Initialization of Minimum Temperature Approach 

(dTmin) 

Generation of Composite Curve 

Stream Data Specification (Cold and Hot Streams) 

Stream Grid 

Generation of Grand Composite Curve 

Economic Trade-off between Operating Costs and 

Capital Cost 

Utility Data 

Capital Cost Data 

Capital Cost Plot 

Utility Cost Plot 

Optimization of Minimum Temperature Approach (dTmin) 

Minimum Temperature Approach Optimization Plot 

Generation of Composite Curve 

Generation of Grand Composite Curve 

Figure 6. Pinch Analysis Simulation Procedure using Aspen Energy Analyzer 
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Table 1. Energy Target Values 

S/N Variables Values 

1 Temperature 40 oC 

2 Pressure 33.3 kg/cm2 

3 Mass Flow 1.181 x105 kg/hr 

 

Table 2. Data Extracted from Process Flow Diagram 

Stream Name 
Supply 

Temperature 

Target 

Temperature 
Heat Duty 

  (°C) (°C) (kcal/h) 

NHU Reactor Feed 39 293 24160000.000 

Effluent Exchanger 370 125 24160000.000 

NHU Reactor Effluent Trim Cooler 48 40 520000 

NHU Reactor Charge Heater 293 370 6380000 

NHU LP Separator Charge Cooler 46 40 350000 

NHU Stripper Feed 40 133 6410000.000 

Bottom Heat Exchanger 237 133 6410000.000 

NHU Stripper OH Condenser 77 48 4390000 

NHU Stripper OH Trim Condenser 48 40 560000 

NHU Stripper Reboiler Heater 200 237 14700000 

NHU Splitter Reboiler 114 137 14700000 

NHU Splitter Reboiler 221 190 14700000 

NHU Splitter OH Condenser 72 55 5090000 

NHU Heavy Naphtha Cooler 137 48 2100000 

NHU Heavy Naphtha Trim Cooler 48 40 170000 

NHU Light Naphtha Cooler 55 35 230000 

 

Table 3. Hot Minimum Utility Requirement for Traditional Energy Approach and Pinch Analysis of NHU 

of Kaduna Refining and Petrochemicals Company 

Hot Utility (kW) Hot Utility (kW) Energy Saving 

Traditional Energy Approach Pinch Analysis (%) 

24,516.0 18,246.1 30.1 

 

Table 4. Cold Minimum Utility Requirement for Traditional Energy Approach and Pinch Analysis of NHU 

of Kaduna Refining and Petrochemicals Company 

Cold Utility (kW) Cold Utility (kW) Energy Saving 

Traditional Energy Approach Pinch Analysis (%) 

22,492.4 15,408.4 35.6 

 

Table 5. Experience and Selected ΔTmin Values  

Type of heat transfer 

Experience ΔTmin 

values (°C) 

Selected  

ΔTmin values 

 (°C) 

Process streams against process streams 30 -40.  35 

process streams against steam 10 -20.  15 

Process streams against cooling water 10 -20. 10 

Process streams against cooling air 15 -25 15 
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Table 6. Estimated Traditional Hot Utility Energy Requirement of NHU 

Stream Description H (kW) 

1 NHU Reactor Charge Heater 7419.94 

2 NHU Stripper Reboiler Heater 17096.1 

 Total Heating Duty 24516 

 

Table 7. Estimated Traditional Cold Utility Energy Requirement of NHU 

Stream Description H (kW) 

1 NHU Rxtor Effluent Cooler 6896.59 

2 NHU Rxtor Eff Trim Cooler 604.76 

3 NHU LP Sep Charge Cooler 407.05 

4 NHU Stripper OH Condenser 5105.57 

5 NHU Stripper OH Trim Condenser 651.28 

6 NHU Splitter OH Condenser 5919.67 

7 NHU Light Naphtha Cooler 267.49 

8 NHU Heavy Naphtha Cooler 2442.3 

9 NHU Heavy Naphtha Trim Cooler 197.71 

 Total Cooling Duty 22492.4 

 

 

 
Figure 7. Shifted Composite Curve of NHU 

 

QCMIN 

15, 408.4 kW 

QHMIN 

18, 246.1 kW 

Hot composite curve 

Cold composite curve 
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Figure 8: Grand Composite Curve of NHU 

 

Table 6. Optimization Results 

Optimum Minimum temperature approach 

(Optimum ΔTmin) (K) 

Net Present Cost at ΔTmin                   

(million dollars) 

10 3.29 

 

4.3 Energy Target Results 

Figure 7 is the shifted composite curve (temperature-enthalpy) profile of heat availability in the 

process (the “hot composite curve”) and heat demands in the process (the “cold composite curve”) 

together in a graphical representation. Figure 7, Table 3 and 4 shows that the heat available in the 

process is 18,246.1 kW while the heat demand in the process is 15,408.4 kW. This shows that 

more heat is to be removed from the process than heat to be supplied to the system. Figure 8 (Grand 

composite Curve) shows that the Pinch temperature of the process is 215 oC (488 K).  

 

The results show that the utility heating of the plant is far less than the utility cooling of the plant.  

Therefore, any utility heating supplied to the process below the pinch temperature cannot be 

absorbed and will be rejected by the process to the cooling utility, increasing the amount of cooling 

utility required, hence waste of energy (cold utilities) by the NHU reactor.  

 

4.4 Energy Saving between the Traditional Energy Approach and Pinch Technology for 

NHU Main Fractionator 

The cold utility requirements of traditional energy approach and pinch analysis obtained in Table 

4 are 22,492.4 kW and 15,408.4 kW respectively. The hot utility requirements of traditional energy 

approach and pinch analysis shown in Table 3 are 24,516.0 kW and 15,408.4 kW respectively. 

This shows that pinch analysis energy integration saves more energy and utilities cost than the 

traditional energy approach. This statement is in agreement with literature (Smith, 2005) which 

states that pinch analysis as an energy integration technique saves more energy than the traditional 

energy technique. 
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5. Conclusion 

The following conclusions may be drawn from the result of the analysis. 

1. Minimum approach temperature 10 oC was obtained as optimum to determine the energy 

target. 

2. The pinch point was found to be 215 oC. 

3. The utilities targets for the minimum approach temperature were found to be 18,246.1 kW and 

15,408.4 kW for hot and cold utilities respectively. 

4. Pinch analysis as an energy integration technique saves more energy and utilities cost than the 

traditional energy technique   

 

Nomenclatures 

NHU Naphtha Hydrotreating 

ΔTmin Minimum Temperature Approach 

HEN Heat Exchanger Network 

NDoF Number of Degree of Freedom 

Nts the number of target streams 

A  the target area 

Fi the correction factor accounting for non- counter current flow 

LMT  The logarithmic mean temperature difference at each interval 

i  denotes the i-th enthalpy internal 

j  denotes the j-th stream 

dTh  The temperature change for the hot stream at each enthalpy interval 

M  The mass flow rate of the stream 

Cp  The specific heat capacity of the stream 

h  The heat transfer of the stream 

dTc  The temperature change for the cold stream at each enthalpy interval 

Nu,min  The unit target 

Ns   The number of process and utility streams 

Nmv  The number of manipulated variables 

Nl  The number of heat exchanger loops 

Ni  The number of independent systems 

Ns  The number of process and utility streams 

NA  The number of process and utility stream above the pinch 

NB  The number of process and utility streams below the pinch 

PFD Process Flow Diagram 
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Abstract 

Quicklime of high quality is an important mineral for many industries (such as building, 

agriculture, water treatment, sugar refining, tannery, paper, glass, etc) all over the world. In 

Nigeria most of the demand for this chemical product is met through importation of quicklime. The 

Nigerian Kalambaina limestone was subjected to physical, chemical, mineralogical and thermal 

characterization to determine its suitability for direct use in quicklime production. The physical, 

chemical, mineralogical and thermal characterization were carried out using Accelerated Surface 

Area Porosimeter Braunner-Emmet-Teller (ASAP-BET) and Scanning Electron Microscope 

(SEM), Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) and X-Ray 

Diffractometer (XRD) respectively. The results of the chemical analysis showed that the limestone 

contains 99.04, 0.894, 0.0414, 0.0085 and 0.006 percents of calcium, magnesium, silicon, iron and 

aluminum respectively. The XRD result shows that Kalambaina limestone is composed of calcite 

mineral with small amount of silica. The result of SEM shows that Kalambaina limestone has fine 

grain of crystals with homogeneous texture. Thermal characterization using TGA shows that 

weight loss due to release of carbon dioxide from Kalambaina limestone sample is 44.6% and 

optimum calcination temperature for obtaining quicklime of highest yield in nitrogen atmosphere 

is 800oC. Also, the physical characterization using ASAP BET method shows that Kalambaina 

limestone has a surface area of 2.7764 m2/g. The results of physical, chemical, mineralogical and 

thermal characterization show that Kalambaina limestone is highly suitable for the production of 

quicklime making beneficiation treatment little or unnecessary.  
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1.0 Introduction 

Limestone is a naturally occurring mineral that consists principally of calcium carbonate. It 

generally contains some magnesium carbonate as a secondary component. Limestone is found in 

many forms and is classified in terms of its origin, chemical composition, structure, and geological 

formation (Oates, 1998). Thus, limestone may be pure calcite, a mixture of calcite and dolomite 

or pure dolomite (Benton, 1973).  

 

Large limestone and dolomite occurrences have been reported by Bell (1963), Ola (1977), Gwosdz 

et al., (1996), RMRDC (2010) and Akande (2015). They are widespread in the sedimentary basin 

of Nigeria. Nigeria Ministry of Mines and Steel Development reported that Nigeria has an 

estimated reserve of about 3 trillion tonnes of limestone which are scattered in different states of 

the country. Those states include Abia, Anambra, Benue, Cross River, Ebonyi, Enugu, Ogun, 

Sokoto, Gombe, Nassarawa, Edo, Borno, Yobe, Adamawa and Kebbi (RMRDC, 2010). 

 

Kalambaina limestone quarry belongs to the Paleocene marine sediments deposited in the Sokoto 

Basin during the second phase of sediment deposition when the Tethys Sea moved southwards 

through the Sahara (Nyong, 1995). The exposed section measured ca.19.5m in thickness. The 

lower part of the section consists of limestone-shale inter-beds while the upper part is phosphatised 

shale (Adekeye and Akande, 2002). 

 

Quicklime is a solid material that is produced from thermal decomposition of limestone from 

which carbon dioxide gas is evolved and upon hydration, forms white powder and releases large 

amount of heat to form hydrated lime. Hydrated lime is an important industrial mineral because of 

its physical, chemical and mineralogical properties, as well as its commercial importance and ease 

of production. Foraminifera (2012) reported that Nigeria has high demand for quicklime based on 

its wide range of uses. The industries that use quicklime include building, agriculture, water 

treatment, sugar refining, tannery, paper and glass. The bulk demand for quicklime in Nigeria is 

for water treatment, soft drink bottling, tannery, breweries and food processing (Foraminifera, 

2012). 

 

Quicklime is produced from limestone that varies in properties from one location to another. Dogu 

(2000) reported that limestone can be obtained from a huge variety of sources and various 

limestones differ considerably in their chemical composition and physical structure. The chemical 

reactivity of different limestones shows a large variation due to their differences in crystalline 

structure and also because of the nature of impurities such as silicon, iron, magnesium, manganese, 

sodium and potassium present in them (Antonia et al., 2000). There are several references in 

literature concerning factors that may affect the quality of quicklime. Antonia et al., (2000) 

reported these factors as characteristics of the limestone, calcination temperature, pressure 

acquired in kilns, rate of calcination, and fuel quality. The effect of calcination parameters on 

quicklime produced from various limestone deposits have been reported by the following authors 

(Khraisha and Dugwell (1989); Rao et al., (1989); Khinast et al., (1996); Dogu and Irfan (2001); 

Demir et al., (2004); Muaazu et al., (2011); Okonkwo and Adefila (2012) and Rashidi et al., 

(2012)). Nevertheless, no studies have been reported, to the best of our knowledge, about the 

suitability of Kalambaina limestone for producing commercial quicklime. Hence, in this study, the 

characterization of Kalambaina limestone was carried out to determine its suitability for producing 

commercial quicklime. 
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2.0 Experimental 

 

2.1 Materials and Procedure 

Quicklime was produced from limestone obtained from Kalambaina quarry found in Northern part 

of Nigeria. 

 

2.2 Analytical methods and techniques 

The analytical procedures described below shows the techniques used in characterizing 

Kalambaina limestone. 
 

2.2.1 Chemical Analysis 

ICP-OES was used to determine the metals present in Kalambaina limestone in their elemental 

form. A mass of 50 g of Kalambaina limestone was dried at temperature of 105oC. 0.5 g subsample 

of the dried limestone was subsequently digested in 10 ml aqua regia for a period of 1 hr and 

temperature of 140oC. The digested limestone sample was further heated to temperature of 200oC 

until the mixture produced a residue. The residue was subsequently dissolved in 2.5 M HNO3 to 

form a solution. The solution was filtered and diluted to 50 ml solution. The diluted solution 

elemental composition was then analyzed using ICP-OES. 

 

2.2.2 XRD Analysis 

Kalambaina limestone mineral phases were determined using XRD. The diffractometer was put 

on and set to a voltage and current of 40kV and 30 mA respectively. The XRD fitted with was also 

operated at a wavelength of 1.5406. The XRD was scanned at a 2θ range from 20° to 60°. The 

diffractogram was also scanned at a rate of 3°/min. 

 

2.2.3 Thermal Analysis 

Differential thermal and thermogravimetric analyses (simultaneous DTA/TG) were carried out on 

Kalambaina limestone using Mettler Toledo, TGA/SDTA851 model. 50 mg of the limestone the 

limestone sample placed in an alumina crucible was weighed. The weighed limestone sample was 

heated from room temperature to 900°C at a heating rate of 10°C/min and nitrogen flow of 

100 mL/min. 

 

2.2.4 SEM Analysis 

The texture, shape, and size of the limestone sample was determined using a SEM instrument 

model, HITACHI, S-3400N. The limestone powder was mounted onto the SEM stubs (layered 

with sticky carbon tape). 50 mg of the limestone the limestone sample was mounted on SEM stub 

and placed in a sputter coater (EMITECH, K550X) for five minutes. This is to provide coating 

with gold so that high reflectivity of the limestone sample during the scanning process. The 

samples were further heated to temperature of 40°C in an oven before SEM analysis. 

 

2.2.5 Physical Properties Analysis (ASAP-BET-BJH) 

Adsorption of nitrogen was performed on the limestone sample to evaluate the specific surface 

area, total pore volume, and pore size distribution, using a Quantachrome instrument (model 

Autosorb-1). The physical characterization consisted of three steps, including dehydration, 

degassing under low vacuum pressure, and nitrogen gas adsorption at 77 K. The isotherm obtained 

was analyzed using the BET and Barrett-Joyner-Halenda (BJH) methods.  
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3.0 Results and Discussion 

The metals present in Kalambaina limestone sample determined using ICP-OES method is shown 

in Table 1. The main elements found in it are Ca and Mg, with low levels of Mg and other 

impurities, such as Fe, Si, K, Na, Al and others. Those impurities either are found in the matrix of 

the crevices and other strata excavated along with the limestone (Chan et al., 1970). Table 1 shows 

Kalambaina limestone has Ca content of 99.04%. The 99.04% calcium content of Kalambaina 

limestone is higher than 98.5% required for limestone used for commercial quicklime production 

(Oates, 1998). Kalambaina limestone is a higher purity limestone, since it is higher than 98.5% 

required for higher purity limestone (Cox et al., 1977). The CaO content, i.e., the Ca content (Table 

1) less the LOI content (Table 2) for Kalambaina limestone is 54.44%. The 54.44% calcium oxide 

content of Kalambaina limestone falls within the range of 50% to 65% required for limestone for 

quicklime production (Plumpton, 1984). The CaO content is also very close to 54.1% determined 

for limestone to be used for pilot scale iron-making in India. The CaO content of the raw 

Kalambaina limestone is higher than 43.05% for Indian Salem Madras deposit and is only slightly 

lower than the flotation concentrate of Salem limestone with 52.9% CaO (Ryemshak et al., 2012). 

The Kalambaina CaO content is also far higher than 43.44% and 38.68% for low grade raw 

limestone under consideration for upgrading by Indian Tata Iron and Steel Ltd. and Rhotas 

Industries, respectively (Ryemshak, 2012).  

 

Table 1. Elemental Chemical Composition of Kalambaina Limestone using ICP-OES 

Chemical Compound Ca Mg Si Fe Al Other Oxides 

Kalambaina 

Limestone (% ppm) 99.040 0.8938 0.0414 0.0085 0.006 0.0157 

Commercial 

limestone (% ppm) 98.5 0.5 0.35 0.6 0.2 0.050 
 

The Mg content of 0.474% in the raw Kalambaina limestone is slightly higher than 0.5% standard 

specified for commercial quicklime production (Oates, 1998). The Mg content which is a function 

of MgO present in Kalambaina limestone is lower than minimum of 2.48% standard specified for 

limestone for direct quicklime production (Plumpton, 1984). The MgO content of Kalambaina 

limestone is lower than 1.0% MgO content for a limestone for pilot scale iron-making in India 

(Ghandy, 1966). MgO forms the low melting point magnesium silicate with silica during iron-

making. These results strongly suggest that the Kalambaina limestone with low Mg content is a 

high-grade limestone suitable for use in quicklime production as the Mg content which is present 

as MgCO3 in limestone produces MgO at high calcination temperature and make the quicklime to 

sinter (Gunasekaran and Anbalagan, 2008). This sintering effect reduces the yield and reactivity 

of quicklime and this occur because MgO is produced from dolomite at a lower temperature than 

CaO and so crystallites tend to grow larger and less reactive (Harrison et al., 1998). 

 

The iron content of 0.004% in Kalambaina limestone is lower than 0.6% standard specified for 

commercial quicklime production (Oates, 1998). The iron oxide content of 0.004% suggest that 

Kalambaina limestone will produce quicklime of high yield and reactivity as iron present as Fe2O3 

reacts with produced quicklime at high temperature to form bellite which reduces the yield and 

reactivity of quicklime.  
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The 0.006% aluminum content in Kalambaina limestone is lower than 0.6% standard specified for 

commercial quicklime production (Oates, 1998). Since aluminum present as alumina is a highly 

refractory oxide, its low content in Kalambaina limestone strongly indicate Kalambaina limestone 

as a high-grade limestone. Alumina acts as a base or as an acid depending on the conditions 

imposed. For example, at high temperature, it may form alumina silicates, while in the presence 

of a strong base like quicklime it may form undesired calcium aluminate that reduces the porosity 

of quicklime (Ryemshak et al., 2012). 

 

3.1 Thermal analysis 

The TG and DTA curves of Kalambaina limestone obtained in nitrogen atmosphere is shown in 

Figure 1. The trend of the TG curves obtained for Kalambaina limestone sample shown in Figure 

1 represents standard TG curves of calcite (Wagner, 2009). It shows that thermal decomposition 

with the formation of volatile reaction product (CO2) occurred. Further examination of the TG 

curves (Figure 1), shows absence of multi-step decomposition which confirms calcite as the 

predominant mineral phase present in Kalambaina limestone (Wagner, 2009). This result is also 

in agreement with XRD, ICP and SEM analysis of the limestone samples. The DTA curve of 

Kalambaina limestone, shown in Figure 1, presents one endothermic peak at temperature above 

750 °C.  This confirms calcite as the predominant mineral phase present in the limestone. The 

typical TG curves of Figure 1 show that Kalambaina limestone presented a weight loss of 2.5% 

below temperature of 300°C. The weight loss detected in the temperature range of 100–300°C can 

be attributed to the chemically bound water (Gunasekaran and Anbalagan, 2008). This was 

followed by a weight loss attributed to the decomposition of carbonates. The thermal curves 

representing the carbonate mineral are characterized by endothermic peaks caused by the evolution 

of carbon dioxide. DTA curve of calcite shows one endothermic peak (Harrison et al., 1998).  

 

 

 
Figure 1. Thermogravimetry and Differential Thermal Analysis of Kalambaina limestone at 

heating rate of 20oC/minutes from 30oC to 900oC. 
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The calcination of Kalambaina limestone as shown in Figure 1 and Table 2 begins at 720oC, 

reaches a peak at 800oC and ends at 820oC. The presence of one peak temperature and absence of 

peak at lower temperature represents the decomposition of calcite and absence or non-significant 

yield of dolomite (Anthony et al., (2001); Gunasekaran and Anbalagan, (2008); Chan et al., 

(1970); Harrison et al., (1998) and Kilic and Mesut (2006)). The result of the TGA shows that 

optimum temperature for obtaining quicklime of highest yield in nitrogen atmosphere is 800oCas 

indicated in the peak temperature obtained in TGA plot of Figure 1. 

 

Table 2. Thermogravimetric Analysis Parameters of Kalambaina Limestone 

Limestone 

Type 

Onset 

Temperature 

(oC) 

Peak 

Temperature  

(oC) 

Endset 

Temperature 

(oC) 

Onset Weight 

(%) 

Weight Loss 

due to CO2 

release 

(wt%) 

Kalambaina 720 800 820 99 44.6 

 

Table 2 and Figure 1 show that weight loss due to release of carbon dioxide from Kalambaina 

limestone samples is 44.6%. Furthermore, it is observed that the percentage of carbon dioxide of 

Kalambaina limestone is higher than the theoretical one (44%). This fact might be ascribed to the 

presence of a high content of dolomite in Kalambaina limestone (Antonia et al., 2000). 

Gunasekaran and Anbalagan (2008) also reported that the weight loss of calcite is attributed to the 

decomposition of carbonates. For pure calcite, the expected mass decrease in one step (at 900 ºC) 

is 44.6% (Gunasekaran and Anbalagan, 2008). A value of LOI higher than 44%, are indications 

for the presence of metallic impurities in the limestone sample which is higher in Kalambaina 

(44.6%) limestone sample (Gunasekaran and Anbalagan, 2008). Additionally, the case of presence 

of low quartz (silica) present in Kalambaina limestone, as observed in XRD result (Figure 3) and 

ICP result (Table 1) leads to no fluctuation in Kalambaina DTA curve, at temperature of 360 - 680 

ºC (Gunasekaran and Anbalagan, 2008). 

 

3.2 SEM analysis  

The scanning electron microscopy (SEM) image of Kalambaina limestone is presented in Figure 

2. The SEM image also show there may be presence of Oolites cemented by different types of 

calcites as observed in Kalambaina and Kalambaina limestones. The SEM analysis confirmed the 

granulometric characteristic of the calcite as microcalcite and syntaxial calcite in the core of the 

oolites. The SEM images also show that the crystal shapes of Kalambaina limestone are distributed 

homogeneously throughout the mass and the crystal size are fine grain, compact and homogeneous 

texture (Akande, 2015).  

 

SEM image of Figure 2 shows that Kalambaina limestone with fine grain and homogeneous texture 

of crystals will produce quicklime with bigger surface area and high reactivity due to a  fine-

grained  rock is relatively  quick-burning  as  carbon  dioxide  diffuses  rapidly  through  the large  

number  of  internal pores  between  small  limestone  crystals (Harrison, 1993). Kalambaina 

limestone with fine grain and homogeneous texture of crystals when decomposed, the limestone 

front will reach the core of the chippings faster and a quicklime product containing burnt carbonate 

as well as high reactive quicklime will be produced (Harrison et al., 1998). 
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3.3 XRD analysis  

The XRD spectrum of Kalambaina limestone is shown in Figure 3. The horizontal axis caption, 

2θ in the figures is doubled Bragg angle in XRD analysis while the vertical axis shows the peak 

intensity. Analyzing the diffractograms (Figure 3) and peak matching with JCPDS (Joint 

Committee for Powder Diffraction Standards) data, the crystal phase predominant on the samples 

was calcite. As can be seen from Figure 3, the main peak of the XRD spectrum appears for calcite 

at 2θ = 29.5oand minor peaks appear at 2θ = 26.6o, 29.5o, 31.4o, 36.0o, 39.4o, 43.2o, 47.2o, 47.5o 

and 48.5o, respectively. The mineral phase of limestone identified in Kalambaina limestone is 

similar to that obtained by the following authors (Navarro et al., 2009; Soares et al., 2008) 

 
 

Figure 2. Scanning Electron Microscopic (SEM) Image of Kalambaina Limestone 

 

Table 3 present the crystallinity parameters of limestone samples obtained from XRD analysis. By 

XRD examination using d-values spacing of o2𝜃values obtained above, the main constituent of the 

limestone samples is calcite. The XRD result shown in Figure 3 shows that Kalambaina limestone 

sample has small yield of quartz. This is corroborated by the silica level determined by ICP-OES 

(Table 1). 

 

Table 3 shows that Kalambaina limestone has variable grain size of 428.19 nm respectively. This 

shows that Kalambaina has a high coherent scattering domain with perfect arrangement of unit 

cells at d-spacing (2θ) of 29.5o (Chen et al., 2007). Further examination of the diffractograms of 

Kalambaina shows that it has a calcitic strain of 0.18%. This shows that Kalambaina limestone is 



 

NJRER - Vol. 1, No. 1 - 2023: Assessment of Kalambaina Limestone for Quicklime Production:  

by Akande H. F, Nwafulugo F.U Saka A. S., Kovo A. S., Azeez O. S., Mumah S. N. and Onifade K. R. 

 

Nigerian Journal of Renewable Energy Research Volume 1, Number 1 - 2023 Page - 22 - 

 

crystalline. The results of crystallite strain show that Kalambaina will produce quicklime of high 

reactivity and tendency to decrepitate during calcination is low (Harrison et al., 1998). 

Decrepitation decreases the porosity of the bed, retarding the flow of heat and reducing efficiency 

of the calciner (Harrison et al., 1998). Also, Kalambaina fine-grained rock is relatively quick-

burning as carbon dioxide diffuses rapidly through the large number of pores between small lime 

crystals (Harrison et al., 1998). 

 

Table 3. Crystallinity Parameters of Limestone Samples Analyzed Using XRD 

LimestoneType Crystallite Size Strain (%) 

 Calcite Quartz Calcite Quartz 

Kalambaina 428.9 - 0.16 - 

 

 
Figure 3, XRD pattern of Kalambaina Limestone 

 

3.4 Surface area analysis using BET 

The BET surface area, BJH adsorption cumulative surface area of pores, BJH desorption 

cumulative surface area of pores and pore volume are 2.7764m2/g, 3.095m2/g and 3.424m2/g and 

0.011328 cm3/g respectively. The BET surface area of 2.7764 m2/g in the raw Kalambaina 

limestone is higher than minimum of 1 m2/g standard specified for limestone (Stanmore and Gilot, 

2005). This high surface area greater than minimum shows that Kalambaina will produce more 

reactive quicklime as the calcination process is under the kinetics reaction control and therefore, 

the reaction rate is proportional to the BET surface area (Borgwardt, 1985). In addition, the high 

surface area of the sample will significantly improve the heat distribution within them and thus, 

accelerates better decomposition process (Mustakimah et al., 2012). 
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Table 4. Surface Area, BJH Adsorption cumulative surface area of pores, BJH Desorption 

cumulative surface Area of pores and Pore Volume of Kalambaina limestone 

BET Surface 

Area (m2/g) 

BJH Adsorption 

Cumulative Surface Area 

of Pores (m2/g) 

BJH Desorption 

Cumulative Surface Area 

of Pores (m2/g) 

Pore Volume 

(cm3/g) 

2.7764 3.095 3.424 0.011328 

 

4.0 Conclusion 

This work has demonstrated the characterization of Kalambaina limestone using analytical 

techniques in order to determine its suitability for production of commercial quicklime. The 

following conclusions were obtained:  

 

1. Kalambaina limestone has a calcitic mineral with fine grain homogeneous texture of crystals. 

2. Kalambaina limestone is suitable for production of quicklime from limestone.  

3. The optimum temperature for producing quicklime of highest yield in nitrogen atmosphere is 

800oC. 

4. Kalambaina limestone has LOI due to release of carbon dioxide of44.6%. 
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Abstract 

Crushing and grinding of rocks and other particles has many important applications, including 

coarse crushing mined ore and quarry rock, fine grinding of coal for power station boilers, and 

for production of paint, ceramics, cement and other materials. Crushing and grinding of rocks and 

other particles are governed by the laws of physics involving mass, velocity, kinetic energy, 

gravity, etc. As crushing and grinding activities evolves in the mining industry, the issue of 

optimization becomes paramount. Crushing plants operate under very harsh conditions and in 

most cases involve very abrasive materials. Multiple factors therefore influence the performance 

of crushers.  

 

This paper examines the procedure for selecting and evaluating the performance of jaw crushers. 

It is however important to note that it is impractical to reduce the process of selecting and sizing 

a crusher to a series of formulas. The selection process is largely based on experience and testing 

with actual field applications and laboratory tests that show how a given material will be reduced 

by a given crusher type. The paper examines the critical design parameters of jaw crushers. 

Crushers encounter considerable difficulties concerning external loads acting on their mechanical 

joints which make it almost impracticable to use theoretical calculations for design and 

performance evaluation. It is therefore necessary to use experimental studies to verify any 

theoretical methods used for these purposes. It should be noted however that considering the 

variety of applications as well as rock materials, minerals and ores, a truly optimal performance 

of a crushing application must be based on an optimized crusher design as well as a continuously 

optimized crusher operation.
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1.0 Introduction  

Jaw crushers are one of the most commonly used crushers in the world. They can easily be 

distinguished by the presence of two plates. One plate is fixed where the other opens and closes. 

This process ensures that the materials are trapped and crushed. Three types of jaw crushers are 

presently widely used. They are the Blake, Dodge, and Universal jaw crushers. The classification 

is based on the location of the pivot point of the swinging jaw. The Blake crusher is most 

commonly used of the three and it was designed and patented by Eli Whitney Blake in 1858 

(Weiss, 1985). Jaw crushers have found wide use in quarries, mining, ore crushing and 

metallurgical plants, where the material physical condition varies from dry to slightly wet, not 

sticky. The single toggle jaw crusher has found wide used because of its higher capacity and much 

lower cost when compare to other types of jaw crushers (Donovan, 2003).  Jaw crushers are very 

suitable for rocks that has the hardness index of medium-hard to very-hard and so are very common 

in quarries that requires the primary crushing of blasted rockpile. They can be applied to rocks or 

ore with edge lengths of more than 2,000 mm (Donovan, 2003). 

 

2.0 Description of the Double Toggle and the Single Toggle Jaw Crusher 

A noted characteristic of single toggle jaw crushers is that the swing jaw is suspended on the 

eccentric drive shaft (Figure 1) and the toggle plate that is placed against the crusher frame supports 

the swing jaw. The whole arrangement results in a motion that results in a higher capacity than 

that achieved by the double-toggle jaw crushers (Figure 2). The characteristics of different feeds 

have influenced the variation in design of the single-toggle jaw crushers by rock hardness. 

 
Figure 1. The various parts of a single-toggle jaw crusher (adapted from www.thyssenkrupp-

industrial-solutions.com/backenbrecher_en.pdf) 

 

Double-toggle jaw crushers are fitted with a system of toggle levers which upward and downward 

movement is effected by a pitman by means of an eccentric shaft (Figure 3). The resultant effect 

of the upward and downward movement is the oscillating motion of the swing jaw. The ores or 

rocks to be crushed are fed to the crusher by allowing them fall by gravity and the necessary 

pressure to crush the material is achieved when the crushing chamber is narrowed by the movement 

of the swing jaw. To increase the crushing effect, the crushing jaw lining is toothed. The retraction 
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of the swing jaw allows the crushed materials to leave the crusher. The crusher is designed in such 

a way that as crushed materials exits the crusher, new uncrushed materials enter concurrently 

(Figure 4). The transmission of the required power to the relevant parts of the crusher is effected 

by the toggle lever system which makes this type of crusher the equipment of choice for the 

crushing of very hard, toughest and abrasive materials. 

 

 
Figure 2. How a single-toggle jaw crusher with the toggle system operates 

(www.thyssenkrupp-industrial-solutions.com/backenbrecher_en.pdf)  

 
Figure 3: Double-toggle jaw crusher with its main components (Adapted from www.thyssenkrupp-

industrial-solutions.com/backenbrecher_en.pdf) 
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Figure 4. The Operating mechanism of a double-toggle jaw crusher with the toggle-lever system 

(www.thyssenkrupp-industrial-solutions.com/backenbrecher_en.pdf) 

 

Table 1 shows the materials that the various parts of a jaw crusher are made. The selection of the 

materials is to ensure the jaw crusher last for long time even subject to very hard ore. 

 

Table 1. Material for components of jaw crusher (Garnaik, 2010) 

S/No Component  Material / Function 

1.  Body  Made from high quality steel plates and ribbed heavily in welded 

steel construction 

2.  Swing jaw Plate  Manganese steel 

3.  Fixed jaw plate  Manganese steel 

4.  Pitman  Crushers have a light weight pitman having white-metal lining for 

bearing surface 

5.  Toggle  Double toggles, for even the smallest size crushers give even 

distribution of load 

6.  Flywheel  high grade cast iron 

7.  Tension Rod  Pullback rods helps easy movement, reduces pressure on toggles 

and machine vibration 

8.  Hinge plate  Strong hinge pin made from steel are used for crushing without 

rubbing 

9.  Shaft and bearings  Massive rigid eccentric shafts made from steel along with roller 

bearing ensures smooth running. 

10.  Diaphragm  Flexible diaphragm seals opening in oil chamber and protects 

components from dust 

 

One of the trends in design solutions of crushers ensuring the crushing ratio of about 30 involves 

the application of the vibratory-impulse action to the material to be crushed. Crushers utilizing 

these effects are referred to as vibratory crushers. During the vibratory crushing the material to be 

disintegrated is subjected to the action of fast changing shearing forces, which leads to the material 

being crushed either by applied impulses or by fatigue action, unlike conventional crushers where 

the structure of the material is damaged by the applied pressure (Wolny, 2013). 
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3.0 Dimensions and Operating Parameters  

Feed characteristics are important parameters when designing or selecting a jaw crusher for a 

specific job (Napier-Munn et al., 1999). The feed particle sizes of interest are those of the ore or 

rock that enters the crusher, the particle that can be nipped, particle that can fall through the 

chamber, and the particle that can fall through the chamber when the jaws are wide open (Donovan, 

2003). The dimensions defined by these particle sizes include the gape which is the distance 

between the jaws at the feed opening, the Closed Side Set (CSS) which is the minimum opening 

between the jaws during the crushing cycle (minimum discharge aperture), the Open Side Set 

(OSS) which is the maximum discharge aperture, and the throw – the stroke of the swing jaw and 

the difference between OSS and CSS. Figure 5 shows a schematic of crusher dimensions 

(Donovan, 2003) 

 
 

Figure 5. Schematic of crusher dimensions (Donovan, 2003) 

 

The rating of jaw crushers is determined by the maximum dimensions of their feed opening, 

defined by the gape and the width of the plates. The fed openings of jaw crushers are known to 

vary from 250 mm by 500 mm to 1524 mm by 2032 mm. The largest particle size of the rock to 

be crushed should not be more than 80% of the rated gape (Weiss, 1985). The size of rectangular 

or square opening at the top of the jaws crusher defines the size the crusher. Therefore a 30 x 40 

jaw crusher has an opening of 30" by 40". Primary jaw crushers generally come with square 

opening design while secondary jaw crushers have the rectangular opening design (Garnaik, 2010). 
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4.0 Selection of Crushers 

The main factor that ensures effective control of the crushing process is proper selection of the 

crushing equipment. The principal factors that should be considered while selecting jaw crushers 

include (Donovan, 2003);  

 

a. The petrographic nature of the rock  

b. The abrasion index of the aggregate  

c. The mechanical strength of the rock 

d. The work index, or impact crushability, of the rock  

e. The brittleness of the rock  

f. The flakiness of the rock  

g. The feed size  

h. The desired product size (or reduction ratio)  

i. The throughput to be crushed (tons per hour)  

j. The capital cost  

k. The long-term operating costs.  

l. Project location, Operational considerations (e.g capacity per hour or day)  

m. Climatic conditions,  

n. Safety and environment,  

o. Life of mine/expansion plans and Maintenance requirements. 

 

The petrographic nature of the rock and its resistance to crushing forces (characterized by strength, 

work index, etc.) are used first to determine what type of crusher is needed and then in part to 

determine the power requirement of the crusher. When a jaw crusher is selected outright, the 

physical properties of the rock can be used to determine the mechanical features of the jaw crusher, 

but for the most part they are used along with the feed size and desired throughput to determine 

the size of the jaw crusher and its power requirement.  

 

Usually, the feed size range or the desired throughput dictates the selection of specific jaw crusher. 

The current trend is to go to the largest feed opening that is economically feasible in order to avoid 

as much secondary breakage as possible (Donovan, 2003). Once a crusher is selected it can be 

determined whether or not the crusher will provide the desired reduction ratio or product size 

distribution. As was noted previously the size of a jaw crusher’s discharge opening controls the 

product size distribution. Thus, determining whether a specific jaw can produce the desired product 

is dependent upon whether or not that crusher can have its discharge opening set to the required 

dimension. Table 2 shows the capacities for various Nordberg series jaw crushers. 

 

Screen analysis graphs (Figure 6) and capacity charts (Table 2) have greatly simplified the task of 

selecting a crusher for a specific task. This been applied extensively in the selection of Nordberg 

C Series jaw crushers (Donovan, 2003; Metso Minerals, 2003) where computer program has been 

developed to speed up the process. The program known as the Bruno program requires inputs such 

as rock type, feed gradation, and the desired crusher to simulate expected capacities and product 

size distribution curves (Metso Minerals, 2003). The use of crusher efficiency index number based 

on crusher manufacturer’s published data and the crushability factor of the rock has been proposed 

by Wagner (1990) to assist in crusher selection. However, the use of information based on standard 

rock size such as those presented in graphs, charts, etc, may be inaccurate because of the 

inhomogeneous nature of many rock types (Bearman, Barley and Hitchcock (1990). To carry out 



NJRER - Vol. 1, No. 1 - 2023: Review of the Selection and Performance Evaluation Procedures for Jaw 

Crushers: by Mumah, S.N., Kuye, A.O and Okpara, K.O. 

 

Nigerian Journal of Renewable Energy Research Volume 1, Number 1 - 2023 Page - 32 - 

 

a selection that may be consider accurate will therefore necessitate the need to fully characterize 

the rock which may require a lot of laboratory tests and experiments.  

 

Table 2. Capacities for various Nordberg C Series jaw crushers (After Metso Minerals, 2003, 

Donovan, 2003) 

CSS*  

mm  

C63  

440 × 630  
C100  

760 × 1000  
C110  

850 × 1100  
C140  

1070 

×1400 

C160  

1200 

×1600  

C200  

1500 

×2000  

40  40     

50  55       

60  65       

70  80  150  190     

80  95  170  210     

90  110  190  235     

100  120  215  255     

125   265  310  385    

150   315  370 455 455  520  

175   370  425  520  595  760  

200   420  480  590  675  855  

225     655  750  945  

250     725  825  1040  

275      900  1130  

300      980  1225  

Capacities in metric tons per hour 

*CSS stands for closed side set (CSS) - the minimum opening between the jaws during the 

crushing cycle (minimum discharge aperture)  

 
Figure 6. Product size distributions based on CSS (From Metso Minerals, 2003; Donovan, 2003) 
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For jaw crushers, a lot of considerations should be analysed such as (Peter mayo; 

http:/www.quarry.com.au): 

 

a. The particle size of the should not be greater than 80% of the ‘gape’; 

b. The crusher’s operating setting (close side setting); 

c. Maximum product particle diameter which normally is 1½ times the close side setting of the 

machine. This those not follow for slappy materials; 

d. It is normally considered that 50% - 60% of the crushed product will pass the close side setting; 

e. Jaw crushers reduction ratio are normally 6:1 

f. When selecting a jaw crusher as a primary crusher, it should be noted that its output should 

exceed the average capacity of the plant, as primary feed to the plant is generally of a cyclical 

nature, relying on trucks or loaders in most cases. 

g. For jaw crushers to operate optimally, all feed with particle size smaller than the closed side 

setting is removed to bypass the jaw crusher; 

h. Generally, maximum feed size is critical in the selection of jaw crushers and not required 

capacity. This is because putting too fine a feed into a jaw crusher normally leads to equipment 

failure because of overload. 

 

A lot of dynamic forces are present during a crushing process. These forces and the load also affect 

the supporting structures and foundations. It is therefore very important to consider how these 

forces and load affect the crusher structures and the outcome incorporated in the design (Rusiński, 

2013). 

 

5.0 Energy and Size Reduction 

Crushing theory is concerned with the relationship between the amount of energy put into a rock 

or particle of a known size and the reduced particle size after the comminution process has taken 

place. The amount of energy required to do this work is referred to as the ‘Work Index’ and it is 

an expression of the resistance that a material has to crushing (or grinding). It is a measurement of 

how hard the ore is. Therefore 'Work Index' can be defined as 

(http://gravel.gravelwasher.com/metalliferous-mining-processing-resource-book-crushing.html): 

 

The amount of energy (work) required to break a rock from one size to another. 

Each rock has a characteristic Work Index. For example, more energy is required to break quartz 

than sandstone so quartz will have a higher work index. Numerically the work index is known as 

the kilowatt-hours per tonne or kWh/t. A kilowatthour is the number of kilowatts consumed in an 

hour. For example, if you ran a 20kW motor for an hour, you would expend 20kWh. If you used 

that motor to do work to 2 tonnes of rock you would have used 20kWh/2 tonne, which is 10kWt/h. 

The higher the Work Index, the more work required to break the rock, hence the harder the rock. 

Whereas Work Index refers to the size fraction when rocks are reduced in size, Specific energy 

input refers to the amount of energy required to treat a certain tonnage. In simple terms if you 

crush 100t of rock from your feed size to your product size and it takes 180kWh, your specific 

energy input is 180kWh/100t = 1.8kWh/t. 

 

The concepts of Work Index and Specific Energy make it clear that a certain (calculable) amount 

of energy is required to break a rock from one size to another. Experience has shown that to break 

a rock from coarse and medium size should require less energy per unit mass than to break a rock 

from coarse to fine, i.e. the smaller you want to break a rock, from a given starting size, the more 
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energy you require. Because we are talking about specific energy, i.e. energy per tonne of ore, it 

also follows that a given amount of energy spread out over a larger number of rocks will produce 

less breakage(http://gravel.gravelwasher.com/metalliferous-mining-processing-resource-book-

crushing.html). This can be demonstrated by looking at the numbers: 

 

For example: Say it takes 100kWh to break 50t of rock from 50mm to 10mm. Then the Specific 

Energy Input from 50mm to 10mm is 100kWh/50t = 2kWh/t. If we then tried to use that same 

100kWh to break 100t of rock, we would only be putting in 100kWh/100t or 1kWh/t. 

 

Now, we know that to break a rock finer we need to increase the energy input, so a Specific Energy 

Input of 1kWh/t will produce a much coarser product than a Specific Energy Input of 2kWh/t. 

 

6.0 Mechanisms of Particle Fracture 

A size reduction process is analyzed by looking at the entire size distribution of its feed and product 

material. However, as each particle breaks as a result of the stresses applied to it and it alone, it is 

of value to look at single particle fracture. For a particle to fracture, a stress high enough to exceed 

the fracture strength of the particle is required. The manner in which the particle fractures depends 

on the nature of the particle, and on the manner in which the forcer is applied. There are three main 

generalized mechanisms of single particle fracture and they 

are(http://gravel.gravelwasher.com/metalliferous-mining-processing-resource-book-

crushing.html). 

 

6.1 Abrasion 

Abrasion fracture occurs when insufficient energy is applied to cause significant fracture of the 

particle. Rather, localised stressing occurs and a small area is fractured to give a distribution of 

very fine particles. This type of breakage occurs predominantly in ball mills. 

 

6.2 Cleavage 

Fracture by cleavage occurs when the energy applied is just sufficient to fracture the particle. Only 

a few particles result and their size is comparatively close to the original particle. Typically, this 

situation occurs under conditions of slow compression where the fracture immediately relieves the 

loading on the particle. This is the main type of fracture found in jaw crushers. 

 

6.3 Shatter 

Fracture by shatter occurs when the applied energy is well in excess of that required for fracture; 

under these conditions many areas in the particle are overloaded and the result is a comparatively 

large number of particles with a wide size distribution. In practice these events do not occur in 

isolation, rather breakages involve a combination of fracture mechanisms. 

 

7.0 Predicting Jaw Crusher Performance 

Comminution concerns the breakage of brittle particles under conditions of applied compressive 

stress. The nature of the failure mechanisms is governed by material properties of the particulate 

material and by the nature of the stress field around and within individual particles. The response 

of the particulate material to the stress field is largely elastic but significant non-elastic behavior 

occurs, particularly at the tips of growing cracks where large quantities of energy are dissipated 

when the criteria for fracture are met. The dissipation at the crack tip of the stored elastic energy 

in the particle turns out to be of critical interest in industrial comminution machines where energy 
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efficiency is of major consequence because of its economic importance. Industrial comminution 

processes are typically inefficient in their use of energy in the sense that considerably more energy 

is consumed by the operating equipment than is actually required to break the particles. In spite of 

the importance of this observation, it has not been possible to calculate precisely how much energy 

is actually required (Umucu et al., 2013). 

 

Specific fracture energy of the particles is not the only fundamental property that is important. The 

particle strength also plays a significant role in determining the overall comminution properties of 

the material. A particle will be broken only if it is stressed beyond its strength which is determined 

by the intrinsic properties of the material, the presence of micro flaws which act as stress raisers 

when the particle is under load and the state of stress that is experienced by the particle (Umucu et 

al., 2013). 

 

The performance of jaw crusher is mainly determined by the kinetic characteristic of the liner 

during the crushing process. The practical kinetic characteristic of the liners which are located in 

certain domain of the coupler plane are computed and discussed by Jinxi et al., (2007) and 

Shrivastava (2012). 

 

The performance of a jaw crusher is most aptly defined using the product size, the capacity or 

throughput, and the power consumption. The main object of size reduction in the aggregate 

industry is to generate a well-shaped product within a specified size range with a minimum of 

fines. It is also desirable to maintain target production rates and to crush the rock material as 

efficiently as possible. 

 

There are various methods for the prediction of crusher performance. As noted previously in the 

discussion of crusher selection, technical literature provided by crusher manufacturers can be used 

to determine capacities and product size. Adjustments can be made to account for physical 

variations in feed materials using the aforementioned laboratory tests. When the actual 

performance of a jaw crusher is difficult to determine or unclear to the manufacturer, laboratory 

tests using small-scale jaw crushers are sometimes conducted in order to predict the performance 

of full capacity machines. The normal procedure is to test crush a representative sample of the feed 

material and determine the product size distribution. Comparison of the product distribution and 

associated properties of the feed material to other materials is used to estimate overall crushing 

performance, power requirements, and to detect characteristics that may require special design 

considerations. These tests provide an opportunity to evaluate the effects of various crusher 

settings, speeds, feeding methods, and the physical characteristics of the material (Pennsylvania 

Crusher Corporation, 2003). 

 

In addition to charts, graphs, and lab-scale crushing tests, jaw crushers can also be evaluated using 

mathematical modeling techniques. Mathematical techniques are usually derived from laboratory 

data and can be used to predict crusher performance and possibly improve selection and design 

procedures (Rimmer et al., 1986). Models/equations are typically used to determine the product 

size, power draw, and capacity of crushers. The advantage of models is that they reduce complex 

operations to a few numbers or parameters and can provide guidance to improved performance 

and decision making (Napier-Munn et al., 1999). 
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7.1 Estimating capacity  

The capacity of a jaw crusher is dependent upon the machine characteristics, the feed, and the 

nature of the rock material. The volumetric capacity of a jaw crusher can be estimated from the 

following equations (Sastri, 1994):  

 

𝑉 = 60𝑁𝑤 (𝐶𝑆𝑆 + 0.5𝑇) (
𝐷𝑇

𝐺−(𝐶𝑆𝑆+𝑇)
) at low speeds 

  (1) 

𝑉 = 60𝑁𝑤 (𝐶𝑆𝑆 + 0.5𝑇) (
450𝑔

𝑁2
)  at high speeds  

 

where N is the speed of the crusher in rpm  

w is the width of the jaws in m  

CSS is the closed side set in m  

T is the throw in m  

D is the vertical depth between the jaws in m  

G is the crusher gape in m, and  

g is gravitational acceleration in m/s2. 

 

Equation 1 gives volumetric capacity under ideal conditions. At low crusher speeds the material 

falls down the chamber due to gravity flow, and the distance of the fall is dependent on the 

geometry of the machine. At higher speeds there is less time between strokes/revolutions and 

movement of material down the chamber is constricted and controlled by the speed of the machine 

(Hersam, 1923).  

 

In order to determine the actual capacity of a jaw crusher, Equation (1) needs to be corrected by 

accounting for the feed size, the degree of compaction resulting from vibration, and the nature of 

the material. Equation (2) gives the estimated capacity using these parameters (Sastri, 1994): 

 

𝑉 = 60𝑁𝑤 (𝐶𝑆𝑆 + 0.5𝑇) (
𝐷𝑇

𝐺−(𝐶𝑆𝑆+𝑇)
) 𝐾1 𝐾2 𝐾3 at low speeds 

  (2) 

𝑉 = 60𝑁𝑤 (𝐶𝑆𝑆 + 0.5𝑇) (
450𝑔

𝑁2 ) 𝐾1 𝐾2 𝐾3  at high speeds  

 

with 

 

𝐾1 = 0.85 −  (
𝐹𝑎𝑣𝑔

𝐺
)

2.5

  

          (3) 

𝐾2 = 1.92 ×  10
−6.5𝑇

𝐺   

 

where, F
avg 

is the average feed size in m, and K
3 
is a parameter related to the nature of the material. 

The parameter K
3 

does not have a suggested value but is considered to increase with increasing 

hardness or toughness. 

 

7.2 Product Size Distribution for Crushers 



NJRER - Vol. 1, No. 1 - 2023: Review of the Selection and Performance Evaluation Procedures for Jaw 

Crushers: by Mumah, S.N., Kuye, A.O and Okpara, K.O. 

 

Nigerian Journal of Renewable Energy Research Volume 1, Number 1 - 2023 Page - 37 - 

 

Specific fracture energy of the particles is not the only fundamental property that is important. The 

particle strength also plays a significant role in determining the overall comminution properties of 

the material. A particle will be broken only if it is stressed beyond its strength which is determined 

by the intrinsic properties of the material, the presence of micro flaws which act as stress raisers 

when the particle is under load and the state of stress that is experienced by the particle. 

 

For impact breakage mechanism, many stakeholders are using the model of the percentage of 

broken product passing 1/10 the original particle size, t10. The parameter ta is defined as one tenth 

of t10 as follows (Napier-Munn et al., 1996): 

 

 𝑡𝑎 =  
𝑡10

10
 (4) 

 

The abrasion breakage parameter, ta, is determined by performing a tumbling test. A lower value 

of t10 (hence a lower ta value) indicates that there is a lower percentage of material passing 1/10th 

the original particle size, or greater resistance to abrasion breakage.  

 

Equation (5) relates t10 to ECS which is specific energy of comminution (Napier-Munn et al., 1996): 

 

 𝑡10 = 𝐴 (1 − 𝑒−𝑏𝐸𝑐𝑠) (5) 

 

where: t10 = percentage passing 1/10th of the initial mean size,  

Ecs = specific comminution energy (kWh/kg)  

A, b = ore impact breakage parameters. 

 

The impact breakage parameters, namely A and b, are determined using a high energy impact 

breakage device called JK Drop Weight Tester. Specific energy of comminution, Ecs, in Equation 

(5) can be calculated according to experimental setup data, as follows (Napier-Munn et al., 1996):  

 

 𝐸𝑐𝑠 =  
𝑜.𝑜272𝑀𝑑(ℎ𝑖− ℎ𝑓)

𝑚̅
 (5a)  

 

Where, Md is drop weight mass (kg), m is the medium mass of per particle size class; (g), hi is 

initial height of drop weight above the anvil (cm) and hf is final height of drop weight above the 

anvil (cm). 

 

It is noted that A is the maximum t10 value achieved. This is significant for higher energy breakage. 

The parameter b is related to the overall slope of t10 versus Ecs curve at the lower energies. A and 

b are interdependent, since the value of one will directly affect the other. Parameters A and b are 

related and usually are reported by A.b as a single value to indicate the ore hardness in terms of 

impact breakage. The A.b parameter is the slope of the t10 vs. Ecs curve at its origin and it is a 

measure of breakage of the ore at lower energy levels. 

 

Napier-Munn et al., indicate a possible correlation between the impact (A.b) and abrasion (ta) 

parameters and the Bond ball mill work index given by the equations (Hasani et al.,; 2009): 

 

 𝐴 × 𝑏 =  −3.5𝑊𝑖 +  117 (6) 
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 𝑡𝑎 = 19.7𝑊𝑖
−1.34 (7) 

 

Narayanan (1983), Pauw and Mare (1988), Bourgeois (1993) and King (2002), King (2002) 

proposed breakage distribution model as (Soni et al., 2013): 

 

 

 𝑡𝑛 = 1 − (1 −  𝑡10)
[{

9

𝑛−1
}

∝
]
  (8) 

 

Where, tn= cumulative fraction passing from 1/nth of the feed size 

 t10= cumulative fraction passing from 1/10th of the feed size 

 α = a material characteristic 

 

The tn versus t10 relationships can then be used to predict the product size distributions at different 

grind times (Sand and Subasinghe, 2004).  

 

King (2002) proposed the relationship of t10 to the specific comminution energy by the equation: 

 

 𝑡10 =  𝑡10(𝑚𝑎𝑥)  [1 − 𝑒
𝛽𝐸𝐶𝑆
𝐸50 ]  (9) 

 

where, ECS = specific comminution energy (Kwh/ton). 

 

The coefficient β and E50 (median impact energy at fracture) were considered as material 

characteristics by (Narayanan, 1987), (Napier-Munn, 1996) and (Weedon, 2001). 

 

Umucu et al., (2013) proposed a different size distribution relation for tn values of crushing 

products obtained from different laboratory scale crushers (jaw, roller and hammer). The following 

equation was used to predict the cumulative percentage passing (tn), depending on the Crushing 

Engine Power (CEP) and feed particle size (X) before crushing: 

 

 𝑡𝑛 =  (
56.12

𝑛1.168 𝐶𝐸𝑃−1.274) 𝑋0.30        (10) 

 

The relationship has however not been tested on industrial crushers. 

 

Narayanan (1986) used a novel procedure for estimation of breakage distribution functions of ores 

from the t-family of curves. In this method, the product size distribution can be represented by a 

family of curves using marker points on the size distribution defined as the percentage passing (t) 

at a fraction of the parent particle size. Thus, t2 is the percentage passing an aperture of half the 

size of the parent particle size, t4 is one quarter and t10 is one-tenth of parent particle size. 

Narayanan and Whiten (1988) have proposed empirical equations for relating the reference curve 

data t10 with the impact energy.  

 

7.3  Product Size Models 

Csoke et al., (1996) developed an empirical method for determining the product size of 

“preliminary” crushers, i.e. jaw crushers and gyratory crushers. The product size resulting from 
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breakage of the material larger than the CSS of the crusher can be modeled using the following 

function:  

 

𝑃 (𝑑) =  (
𝑟

𝑟𝑚𝑎𝑥
)

𝑚

  (11) 

 

With 𝑟 =  
𝑑𝑝

𝐺𝑎𝑝
  (12) 

 

 𝑟𝑚𝑎𝑥 =  
𝑑𝑃𝑀𝐴𝑋

𝐺𝑎𝑝
  (13) 

 

where,  

m is exponent describing the product size distribution  

d
p 

is the particle size  

d
pMAX 

is the largest size in the product (OSS), and 

 

Gap is the CSS (CSS is closed side set (CSS) - the minimum opening between the jaws during the 

crushing cycle (minimum discharge aperture)) of the crusher.  

 

Based on operating data found in the literature, Equation (11) fits the product size of a jaw crusher 

with r
max 

equal to 1.223 and m of 0.842.  

 

King (2001) outlined a model for the prediction of product size based on data from a crusher 

manufacturer. The main concept is that the size distribution of the product is characterized by the 

particle size relative to the OSS and by the product type, P
t
, which is the fraction of the product 

smaller than the OSS. P
t 
is related to the nature of the material and is distinguished by the work 

index and a qualitative description of the material. The size distribution given by this model is 

determined from the following equations:  

 

𝑃 (𝑑) =  1 − 𝑒 
(−[

𝑟

𝐾𝑢
]

1.5
)
   for r > 0.5  

  (14) 

𝑃 (𝑑) =  1 − 𝑒 
(−[

𝑟

𝐾𝑙
]

0.85

)
  for r < 0.5  

 

With 

 

 𝑟𝑖 =  
𝐷𝑖

𝑂𝑆𝑆
  (15) 

 

 𝐾𝑢 =  [𝐼𝑛 (
1

1−𝑃1
)]

−0.67

  (16) 

 

 𝐾1 = 0.5 [𝐼𝑛 (
1

1−𝑃𝑏
)]

−1.18

  (17) 
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 𝑃𝑏 = 1 − 𝑒
(−(

0.5

𝐾𝑢
)

1.5
)
  (18) 

 

Equation (14) should only be used when the size at which half of the feed material passes is greater 

than the OSS. 

 

Other product size models of note is the one developed by Whiten in 1972 (Donovan, 2003). 

 

First the classification and breakage could be illustrated by Figure 7. 

 
 

Figure 7. Flowchart of classification and breakage process (Donovan, 2003) 

 

If the classification and breakage of particles in a jaw crusher is considered as a closed circuit 

process, Figure 7 can be represented by Figure 8, a representation of the Whiten crusher model 

(Donovan, 2003). 

 

 
 

Figure 8. Whiten crusher model (Donovan, 2003) 

 

The Mass balance equations written about each node of Figure 8 describe the repetitive process of 

classification and breakage and are expressed as (Kojovic et al., 1997, Donovan, 2003): 

 

X = f + Bx  (19) 
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X = p + Cx  (20) 

 

where, x is a vector representing the amount in each size fraction entering the crusher 

f is the feed size distribution vector 

p is the product size distribution vector 

C is the classification (diagonal) matrix 

B is the breakage distribution (lower triangular) matrix. 

 

The classification matrix describes the proportion of particles in each size interval entering the 

crushing zone. The breakage distribution matrix gives the relative distribution of each size fraction 

after a breakage event. Equations (19) and (20) can be combined resulting in the Whiten crusher 

model equation (Whiten, 1972): 

 

 P = (I - C)•(I – BC)-1 
• f (21) 

 

where, Ι is the unit matrix. Equation (21) can be used to determine the product size of a jaw crusher 

given the feed size, classification function, and the breakage function (Donovan, 2003). 

 

7.4  Power Models for Jaw Crushers 

The classical comminution theories, which were derived by Rittinger, Kick and Bond (Lee, 2012) 

respectively, aim to describe the relation between energy and size reduction for a given feed size. 

The three theories, which are usually referred to as the first, second and third theory of 

comminution, are formulated in Equations (22) to (24) (Asbjörnsson, 2013; Lee, 2012). 

 

 𝐸𝑅𝑖𝑡𝑡𝑛𝑖𝑛𝑔𝑒𝑟 =  𝐶𝑅𝑖𝑡𝑡  (
1

𝑝80
−  

1

𝑓80
)  (22) 

 

Where ERittinger is the energy input, CRitt is a material constant, p80  is the size which 80 % of the 

product passes, and f80 is the size which 80 % of the feed passes (Asbjörnsson, 2013; Lee, 2012). 

 

 𝐸𝐾𝑖𝑐𝑘 =  −𝐶𝐾𝑖𝑐𝑘 𝐼𝑛 (
𝑝80

𝑓80
)  (23) 

 

where EKick is the energy input and CKick is a material constant. 

 

Rittinger’s and Kick’s laws lack precision in describing the shape of a size distribution curve as 

only a single point is used (Lee, 2012). 

 

The third and final classical relationship was proposed by Bond in 1952. According to his theory, 

the energy input is proportional to the length of the produced crack tip and is equal to the difference 

in energy represented by the product and the feed, and is expressed as (Lee, 2012): 

 

 𝐸𝐵𝑜𝑛𝑑 =  𝐶𝐵𝑜𝑛𝑑  (
1

√𝑝80
−  

1

√𝑓80
) =  𝑊1  (

10

√𝑝80
−  

10

√𝑓80
)  (24) 

 

where p and f are in microns. WI is the Bond´s work index which expresses the resistance of a 

material to crushing or grinding. This constant is a function of material properties and the 
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efficiency of the crusher. A lower efficiency in a crusher will give a higher work index 

(Asbjörnsson, 2013; Lee, 2012). 

 

The above classical laws of comminution have not been found to accurate in many cases and others 

have worked to improve them with varying degree of success. Hukki in 1975 (Lee, 2012) 

suggested that all three relationships were in fact applicable but in different and relatively narrow 

size ranges (Will and Napier-Munn,2005; Morrel (2004). Based on Hukki’s work, Morrell (2004) 

later successfully proposed a modification of Bond’s equation. Unfortunately, as pointed out by 

Lindqvist (2008), Morrell’s modified energy model still lacks precision due to the sole use of f80 

and P80. Egbe et al., (2013) presented procedures for determining the Bond’s work index of some 

Nigerian ores. An alternative approach to calculate the energy cost to produce a given product size 

distribution from a given feed size distribution was suggested by Lindqvist (2008) and Lee (2012). 

 

However, there is generally little confidence in the model results and it is also suspected that all 

these underlying ideas are incorrect and that the energy–size reduction relationship does not 

suitably define the process of size reduction (Napier-Munn, 1996, Lynch, 1977). Bond’s “law” is 

an empirical law that only fits experimental data over a limited range of variables and only in 

certain cases (Choi, 1982). It can be corrected for other operating conditions but even with this 

correction it has been shown that the power consumption of a jaw crusher can be as much as 240% 

greater than the expected consumption based on Bond’s equation (Eloranta, 1997). Rose and 

English have suggested a relationship for power consumption based on Bond’s work index but 

take into account the material density and machine characteristics, i.e., gape, throw, CSS, etc. 

(Lowrison, 1974). 

 

A more recent approach for predicting power consumption in crushers was presented Andersen 

and Napier-Munn (1988) and Morrell et al., 1992. In this case, they used using a single regression 

equation relating the power actually drawn by the industrial machine in producing a particular 

product size distribution, to the calculated power required to achieve the same size reduction in a 

laboratory test (Sabic and Forlin, 2002, Donovan, 2003). 

 

 𝑃𝑐 = 𝐴𝑃𝑝 + 𝑃𝑛  (25) 

 

where P
c 
is the power drawn by the crusher under load in kW and P

p 
is the pendulum power in kW 

expressed as 

 

 𝑃𝑝 =  ∑ 𝐸𝑐𝑠𝑡10𝑖𝐶𝑖
𝑗
𝑖−1  𝑥𝑖 (26) 

 

P
n 

is the power drawn by the crusher under no load in kW. 

 

This power model provides a means of comparing the power efficiency of different patterns and 

types of crushers, in terms of efficiency constant A, and has been found to provide satisfactory 

predictions for several crusher types.  However, as the regression coefficients are not valid for all 

crushers, the tests must be repeated for some crusher types (Sabic and Forlin, 2002). 
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Today the energy-size relation in the comminution process is usually presented in the form of the 

differential equation proposed by Walker et al., (1937) and revised by Hukki (1962). This is 

represented by Equation (27) (Asbjörnsson, 2013): 

 

 𝑑𝐸 =  −𝐶 
𝑑𝑥

𝑥𝑓(𝑥)  (27) 

 

The most common mathematical model used today for expressing the crusher performance is the 

empirical Selection-Breakage model proposed by Whiten (1972). This model is however 

empirically fitted to data from drop weight tests, which is more suitable for mills than compressive 

crushers and does not predict capacity.  

 

More detailed analytical models based on the mechanical properties of the crusher have been 

proposed by Evertsson (2000) and Briggs (1997). These models can provide more accurate 

information from the process but require detailed information about crusher geometry, breakage 

behaviour and require considerable simulation time (Asbjörnsson, 2013). 

 

7.5  Size Reduction Relationships 

The general size reduction equation is as follows (Morrell, 2004):  

 

𝑊𝑖 =  𝑀𝑖  4(𝑥2
𝑓(𝑥2)

−  𝑥1
𝑓(𝑥1)

) (28) 

 

Where: 

Wi = Specific comminution (kWh/tonne); 

Mi = Work index related to the breakage property of an ore (kWh/tonne); 

x2 = 80% passing size for the product (microns) 

x1 = 80% passing size for the feed (microns) 

f(xj) is calculated from the relationship: ((Morrell, 2006):  

 

 f(xj) = -(0.295 + xj x 10-6)  (29) 

 

For grinding from the product of the final stage of crushing to a P80 of 750 microns (coarse 

particles) the index is labeled Mia and for size reduction from 750 microns to the final product P80 

normally reached by conventional ball mills (fine particles) it is labeled Mib. For conventional 

crushing, Mic is used and for High Pressure Grinding Rolls, (HPGRs), Mih is used. 

 

For coarse particle grinding in tumbling mills Equation (28) is written as:  

 

 𝑊𝑎 =  𝐾1𝑀𝑖𝑎 4(𝑥2
𝑓(𝑥2)

−  𝑥1
𝑓(𝑥1)

) (30) 

 

where K1 = 1.0 for all circuits that do not contain a recycle pebble crusher and 0.95 where circuits 

do have a pebble crusher; x1 = P80 in microns of the product of the last stage of crushing before 

grinding; x2 = 750 microns and Mia= Coarse ore work index and is provided directly by Semi-

autogenous Mill Comminution (SMC) Test. 

 

For fine particle grinding Equation (28) is written as:  
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𝑊𝑏 =  𝑀𝑖𝑏 4(𝑥3
𝑓(𝑥3)

−  𝑥2
𝑓(𝑥2)

) (31) 

 

where x2 = 750 microns; x3 = P80 of final grind in microns; Mib is provided by data from the 

standard Bond ball work index test using the following equation (Morrell, 2006):  

 

 𝑀𝑖𝑏 =  
18.18

𝑃1
0.295(𝐺𝑏𝑝)(𝑝80

𝑓(𝑝80)
− 𝑓80

𝑓(𝑓80))
 (32) 

 

where Mib = fine ore work index (kWh/tonne); P1 = closing screen size in microns; Gbp = net 

grams of screen undersize per mill; P80 = 80% passing size of the product in microns and f80 = 80% 

passing size of the feed in microns. Note that the Bond ball work index test should be carried out 

with a closing screen size which gives a final product P80 similar to that intended for the full scale 

circuit. 

 

Equation (28) for conventional crushers is written as:  

 

 𝑊𝑐 =  𝑆𝑐𝐾2𝑀𝑖𝑐 4 (𝑥2
𝑓(𝑥2) −  𝑥1

𝑓(𝑥1)) (33) 

 

Where Sc = coarse ore hardness parameter which is used in primary and secondary crushing 

situations. It is defined by Equation (34) with Ks set to 55; K2 = 1.0 for all crushers operating in 

closed circuit with a classifying screen; x1 = P80 in microns of the circuit feed; x2 = P80 in microns 

of the circuit product and Mic = Crushing ore work index and is provided directly by SMC Test. If 

the crusher is in open circuit, eg pebble crusher in an Autogenous/Semi Autogenous, AG/SAG 

circuit, K2 takes the value of 1.19.  

 

The coarse ore hardness parameter (S) makes allowance for the decrease in ore hardness that 

becomes significant in relatively coarse crushing applications such as primary and secondary 

cone/gyratory circuits. In tertiary and pebble crushing circuits it is normally not necessary and 

takes the value of unity. In full scale HPGR circuits where feed sizes tend to be higher than used 

in laboratory and pilot scale machines the parameter has also been found to improve predictive 

accuracy. The parameter is defined by Equation (34); 

 

 𝑆 =  𝐾𝑠(𝑥1𝑥2)−0.2 (34) 

 

Where Ks = machine-specific constant that takes the value of 55 for conventional crushers and 35 

in the case of HPGRs; x1 = P80 in microns of the circuit feed and x2 = P80 in microns of the circuit 

product. 

 

High Pressure Grinding Rolls (HPGR) 

Equation (28) for HPGR’s crushers is written as:  

 

 𝑊ℎ =  𝑆ℎ𝐾3𝑀𝑖ℎ 4 (𝑥2
𝑓(𝑥2)

−  𝑥1
𝑓(𝑥1)

) (35) 

Where Sh = coarse ore harness parameter as defined by Equation 2.34 and with Ks set to 35 K3 = 

1.0 for all HPGRs operating in closed circuit with a classifying screen. If the HPGR is in open 

circuit, K3 takes the value of 1.19. Also x1 = P80 in microns of the circuit feed; x2 = P80 in microns 
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of the circuit product; Mih = HPGR ore work index and is provided directly by SMC Test. 

 

Specific Energy Correction for Size Distribution (Ws)  

It should be noted that the feed and product size distributions are usually different (an assumption 

that was made in arriving in the above specific energy requirement) and so allowances for 

additional specific energy. However, for the purposes of this approach it has been assumed that 

the additional specific energy for ball milling is the same as the difference in specific energy 

between open and closed crushing to reach the nominated ball mill feed size. This assumes that a 

crusher would provide this energy. However, in this situation the ball mill has to supply this energy 

and it has a different (higher) work index than the crusher (that is, the ball mill is less energy 

efficient than a crusher and has to input more energy to do the same amount of size reduction). 

Hence from Equation (33), to crush to the ball mill circuit feed size (x2) in open circuit requires 

specific energy equivalent to:  

 

 𝑊𝑐 = 1.19∗𝑀𝑖𝑐 4 (𝑥2
𝑓(𝑥2)

−  𝑥1
𝑓(𝑥1)

) (36) 

 

closed circuit crushing the specific energy is:  

 

 𝑊𝑐 = 1∗𝑀𝑖𝑐 4 (𝑥2
𝑓(𝑥2)

−  𝑥1
𝑓(𝑥1)

) (37) 

 

The difference between the two (Equation (36) and Equation (37)) has to be provided by the 

milling circuit with an allowance for the fact that the ball mill, with its lower energy efficiency, 

has to provide it and not the crusher. Thus Ws (specific energy correction for size distribution) is 

represented by:  

 

 𝑊𝑠 = 0.19∗𝑀𝑖𝑎 4 (𝑥2
𝑓(𝑥2)

−  𝑥1
𝑓(𝑥1)

) (38) 

 

It should be noted that in Equation (38), Mic has been replaced with Mia, the coarse particle 

tumbling mill grinding work index.  

 

7.6 Sizes of aggregate produced by jaw crushers 

Even though the setting of the discharge opening of a crusher will determine the maximum size of 

aggregate produced, the aggregate sizes will range from slightly greater than the crusher setting to 

fine dust. For any given setting for jaw or roll crushers, approximately 15% of the total amount 

passing through the crusher will be larger than the setting. If the opening of the screen which 

receives the output from such crusher are the same size as the crusher setting, 15% of the output 

will not pass through the screen. 

 

Figure 9 (Assakkaf, 2003) provides the percentage of material passing or retained on screens 

having the size opening indicated for jaw and roll crushers. To read the chart: 

a. Select the vertical line corresponding to the crusher setting 

b. Then go down this line to the number which indicate the size of screen opening 

c. From the size of the screen opening, proceed horizontally to the left to determine the percent 

of material passing through the screen or the right to determine the percentage of material 

retained on the screen. 



NJRER - Vol. 1, No. 1 - 2023: Review of the Selection and Performance Evaluation Procedures for Jaw 

Crushers: by Mumah, S.N., Kuye, A.O and Okpara, K.O. 

 

Nigerian Journal of Renewable Energy Research Volume 1, Number 1 - 2023 Page - 46 - 

 

 

Example 1 (Assakkaf, 2003)  

A jaw crusher with a closed setting of 3½ in produces 60 tons per hour of crushed stone. Determine 

the amount of stone produced in tons per hour within the following size range: in excess of 1 in; 

between 1 and ½ in; between ½ and ¼ in. 

 

It can be seen from Figure 9 that the amount retained on a 1-in screen is 71% of 60, which is 42.6 

tons per hr.  Also, details for each of the size range have been determined and calculations made 

as shown on Table 3: 

 

Table 3. Sizes of aggregate produced by jaw crushers 

Size 

Range (in) 

% Passing 

Screen 

%in Size 

Range 

Crusher’s Total 

Output (ton/hr) 

Amount Produced 

in Size Range 

(ton/hr) 

Over 1 100 – 29  71 60 42.6  

1 – ½   29 – 17  12 60 7.2 

½ – ¼  17 – 11  6 60 3.6 

¼ - 0  11 – 0  11 60 6.6 

Total 100%  60.0 tph 

 

 

Examples 2 (Adapted from; Using The Smc Test® to Predict Comminution Circuit Performance 

(http://www.smctesting.com/documents/ Using_the_SMC_Test.pdf)) 

 

Calculate the overall specific energy to mill a rock in a primary crusher from a P80 of 110 mm to 

a product with a P80 of 116 microns for the following three circuit SAB mill crusher, SABC, 

HPGR/ball mill and Conventional crushing/ball mill. SMC Test and Bond ball work index test on 

a similar sample has generated the following details: SMC Test: Mia = 20.2 kWh/t, Mic = 8.2 

kWh/t, Mih = 14.8 kWh/t Bond test carried out with a 160-micron closing screen: Mib = 19.7 kWh/t.  

 

Solution 

 

SABC Circuit 

  

Coarse particle tumbling mill specific energy  

Since it has a pebble crusher in the circuit, k1 = 0.95. Also, 110mm = 110,000 microns. 

Combining Equations (29) and (30):  

 

𝑊𝑎 = 0.95 ∗ 20.2 ∗ 4 ∗  (750−(0.295+750 × 10−6) − 110,000 –(0.295+110,000 × 10−6)) 

 

= 10.14 kWh/t  

 

Fine particle tumbling mill  

 

specific energy  
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Combining Equations (29) and (31): 

  

𝑊𝑏 = 19.7 ∗ 4 ∗ (116−(0.295+116 × 10−6) − 750 –(0.295+750 × 10−6)) 

 

= 8.27kWh/t 

 

Pebble crusher specific energy  

The assumption for this circuit is that the feed to the pebble crusher has a P80 of 60mm. Normally, 

this value is calculated by assuming that it is 0.75 of the nominal pebble port apertures which is 

80mm in this case. The setting of the pebble crusher produces a product with P80 of 14mm. The 

feed rate of the pebble crusher feed rate is estimated to be 30% of new feed tph. Combining 

Equations (29) and (33): 

 
 

Figure 9. Analysis of the size of aggregate by jaw crushers 

  

𝑊𝑐 = 1.19 ∗ 8.2 ∗ 4 ∗ (14000− (0.295+14000 × 10−6) − 60000 –(0.295+60000 × 10−6)) 
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= 1.26 kWh/t when expressed in terms of the crusher feed rate  

 

= 1.26* 0.30 kWh/t when expressed in terms of the SABC circuit new feed rate  

 

= 0.38kWh/t of SAG mill circuit new feed  

 

Total net comminution specific energy:  

 

WT = 10.14+ 8.27+ 0.38 kWh/t 

 

= 18.79kWh/t  

 

HPGR/Ball Milling Circuit  

The assumption in the circuit is that the primary crusher product is reduced to a HPGR circuit 

feed P80 of 38 mm by a closed-circuit secondary crushing. The HPGR is also considered to be 

in the closed circuit and reduces the 38 mm feed to a circuit product P80 of 6 mm. after this, 

the product is feed to a closed-circuit ball mill which takes the crushing down to a P80 of 116 

microns.  

 

Secondary crushing specific energy  

 

Combining Equations (29), (33) and (34): 

 

𝑊𝑐 = 1 ∗ 55 ∗ (38000 ∗ 110000)−0.2  ∗ 8.2 ∗ 4

∗  (38000− (0.295+38000 × 10−6) − 110,000 –(0.295+110,000 × 10−6)) 

= 0.446kWh/t  

 

HPGR specific energy 

Combining Equations (29) and (34): 

 

𝑊𝑐 = 1 ∗ 35 ∗ (6000 ∗ 38000)−0.214.8 ∗ 4

∗ (6000−(0.295+6000 × 10−6) −  38000−(0.295+38000 × 10−6)) 

 

= 1.90kWh/t 

 

Coarse particle tumbling mill specific energy 

Combining Equations (29) and (30): 

 

𝑊𝑎 = 1 ∗ 20.2 ∗ 4 ∗ (750−(0.295+750 × 10−6) − 6000−(0.295+6000 × 10−6)) 

 

= 5.50kWh/t 

 

Fine particle tumbling mill specific energy 

Combining Equations (29) and (31): 

 

𝑊𝑏 = 19.7 ∗ 4 ∗  (116−(0.295+116 × 10−6) − 750−(0.295+750 × 10−6)) 
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= 8.25kWh/t 

 

Total net comminution specific energy: 

WT = 0.45+ 1.90+ 5.50+8.25 kWh/t 

      = 16.1 kWh/t 

 

Conventional Crushing/Ball Milling Circuit  

The assumption in this circuit is that the primary crusher product is reduced in size to P80 of 

6.8 mm via a secondary/tertiary crushing circuit (closed) which is then fed to a closed-circuit 

ball mill which reduces the product to a P80 of 116 microns.  

 

Secondary/tertiary crushing specific energy  

Combining Equations (29) and (33):  

 

𝑊𝑐 = 1 ∗ 8.2 ∗ 4 ∗  (6800−(0.295+6800 × 10−6) −  110,000−(0.295+110,000 × 10−6)) 

       = 1.99kWh/t 

 

Coarse particle tumbling mill specific energy 

 

Combining Equations (29) and (30): 

 

𝑊𝑎 = 1 ∗ 20.2 ∗ 4 ∗  (750−(0.295+750 × 10−6) −  6800−(0.295+6800 × 10−6)) 

= 5.76 kWh/t 

 

Fine particle tumbling mill specific energy 

Combining Equations (29) and (31): 

 

𝑊𝑏 = 19.7 ∗ 4 ∗  (116−(0.295+116 × 10−6) −  750−(0.295+750 × 10−6)) 

       = 8.27 kWh/t 

 

Size distribution correction 

𝑊𝑠 = 0.19 ∗ 20.2 ∗ 4 ∗ (6800−(0.295+6800 × 10−6) −  110,000−(0.295+110,000 × 10−6)) 

      = 0.93kWh/t 

 

Total net comminution specific energy: 

 

WT = 1.99+ 5.76+ 8.27+ 0.93 kWh/t = 16.95 kWh/t 

 

Worked Example 3: Feed Size 

For a roll crusher, the diameter of the roll is directly proportional to the maximum particle diameter 

of the rock or ore that can be fed into it. This therefore means that very large diameter particles 

cannot be gripped by the rollers, and if they are too small, they simply fall through with size 

reduction. 
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For roll crusher that has an angle of nip, B, of 18.860, the maximum particle size that can be crushed 

by the roll crusher is calculated as follows: 

 
Figure 9. Crushing Rocks between two rolls 

 

Let  

R = radius of rolls  

B = angle of nip 

D = R cos B = R cos (18.86) = 0.9463 R 

A = maximum particle size of the feed  

C = roll setting which also equals the size of finished product 

X = R – D = R – 0.9463R = 0.0537R  

A = 2X + C = 2 (0.0537R) + C = 0.1074R + C  

 

∴ Maximum size Feed (A) = 0.1074R + C   

 

Therefore, if we are to estimate the maximum particle size of rock or ore that can be crushed by a 

roll crusher with a roll of diameter, 80 cm, and a roll setting of 2.0 cm, then: 

 

Maximum particle size of the feed (A) = 0.1074R + C  

A = 0.1074(80) +2 = 10.59cm 

 

8.0 Conclusion 

This paper reviews the selection process as well as the theoretical performance evaluation 

procedures for jaw crushers. It is however important to note that Crushers encounter considerable 

difficulties concerning external loads acting on their mechanical joints which make it almost 

impracticable to use theoretical calculations for design and performance evaluation. It is therefore 

necessary to use experimental studies to verify any theoretical methods used for these purposes. 
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Abstract 
This work employed a novel curve fitting technique called the "Proportional Nodes Method" to correlate 

data for the dynamic viscosity of an ammonia-water solution. This methodology combines polynomial 

equations that are produced at different temperatures with those that are computed at certain mole fraction 

nodes. The dynamic viscosity changes at various temperatures at particular mole fractions are taken into 

consideration by these scaling factors, or nodes. With R² values ranging from 0.999663 to 0.99985, the 

polynomial equations offered a high degree of fitting accuracy. Once the proportional nodes equation was 

determined, it was combined with equations of the boundary data to form a strong and very accurate 

polynomial model. The model demonstrated a high degree of predictive accuracy by displaying low average 

percentage deviation between the anticipated and real viscosity values. Academic and industrial research 

can both benefit greatly from the Proportional Nodes Method. It offers a more accurate and flexible model 

for estimating the dynamic viscosity of ammonia-water solutions, which is essential for developing and 

optimising a range of industrial applications, such as refrigeration systems. 

 

1.0 Introduction 

When evaluating the limitations of the data, data fitting provides the user with a mathematical 

function that most closely matches a set of data points. An equation that fits a given set of data 

points so that the departure of the points from the equation is as small as possible is found using a 

process called curve fitting. Polynomial regression is a technique for fitting two or three-

dimensional data. Efficient design, simulation, and optimisation of chemical processes need the 

establishment of accurate data correlations. Many correlation-generating techniques are available 

for data fitting. However, they differ in terms of accuracy and complexity. 

https://doi.org/10.1016/j.molstruc.2023.136180
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This paper presents the 'Proportional Nodes Method,' a unique curve-fitting technique, and 

assesses its efficacy. Mumah (2021) introduced us to the proportional nodes approach. The 

method is used to determine the ammonia-water solution's dynamic viscosity. For refrigeration 

system design and optimisation, one important component that is required is the dynamic viscosity 

of the ammonia-water solution. Based on temperature and composition, the viscosity of such a 

solution has already been described by polynomial equations in previous research (Kumar and 

Gardas, 2010). When it comes to temperature variations, these models, however, are not very 

flexible, which could result in inaccurate predictions.  

 

2.0 Methods 

The usefulness of the Proportional Nodes Method is illustrated in this work by the use of data for 

the dynamic viscosity of ammonia-water solution at different temperatures and mole fractions, as 

reported by Conde-Petit (2006). This method combines polynomial equations that are derived at 

any temperature with those that are calculated at certain mole fraction nodes. These scaling factors, 

or nodes, take into consideration differences in the dynamic viscosity at various temperatures and 

mole fractions.  

 

In order to account for changes in dynamic viscosity at various temperatures for a given mole 

fraction, these proportional nodes function as scaling factors. This work fills a major vacuum in 

the literature by presenting a technique that provides more accurate and temperature-adaptive 

predictions for the ammonia-water solution's dynamic viscosity. This study, which makes a 

substantial contribution to the academic community as well as relevant companies, verifies the 

robustness and high dependability of the proposed model by reaching R² values very near to 1 and 

minor variations between anticipated and actual values.  

 

3.0 Results 

The dynamic viscosity values of an ammonia-water solution, as reported by Conde-Petit (2006), 

were used in this investigation. For different mole fractions, they are presented in Table 1 and 

clearly show a decrease in dynamic viscosity as the temperature rises. This is a typical 

characteristic seen in fluids, where a rise in temperature tends to lower the viscosity by lowering 

the internal resistance to flow (Lide, 2005). 

 

Table 1. Dynamic Viscosity of Ammonia-Water Solution for various temperatures and mole 

fraction 
T (K) Mole fraction (-) 

 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

273.15 1.749E-03 2.122E-03 2.363E-03 2.301E-03 1.970E-03 1.500E-03 1.027E-03 6.492E-04 3.971E-04 2.478E-04 1.631E-04 

283.15 1.328E-03 1.596E-03 1.771E-03 1.728E-03 1.490E-03 1.147E-03 7.982E-04 5.152E-04 3.233E-04 2.073E-04 1.367E-04 

293.15 1.012E-03 1.201E-03 1.326E-03 1.297E-03 1.128E-03 8.811E-04 6.258E-04 4.144E-04 2.678E-04 1.769E-04 1.168E-04 

303.15 7.819E-04 9.134E-04 1.002E-03 9.834E-04 8.651E-04 6.878E-04 5.004E-04 3.411E-04 2.274E-04 1.547E-04 1.023E-04 

 

Although published publications typically do not show data in two versions, we have done so for 

specific reasons. Figure 1 illustrates how the dynamic viscosity of an ammonia-water solution 

varies for different mole fractions and temperatures.  
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Making polynomial equations for every curve is the next stage. Figures 2 to 5 display them. R2 

values that are extremely close to 1 suggest that the polynomial equations and coefficient of 

determination, R2, produced by Microsoft Excel, as displayed in Table 2, offered a high degree of 

fitting accuracy. These R2 values, which vary from 0.999663 to 0.99985, show that, for a given 

temperature, variations in the mole fraction of ammonia in the solution can account for more than 

99.96% of the variance in dynamic viscosity. This excellent match is in line with earlier research 

on the viscosity of mixes of ammonia and water (Kumar and Gardas, 2010).  
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Figure 1. Variation of dynamic viscosity of ammonia-water solution for various  
mole fraction and temperatures
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A fifth-order polynomial was employed to fit the data, as indicated by the equations produced at 

each temperature. The analysis's R2 values serve as a reference for selecting a fifth-order 

polynomial that remains constant at various temperatures. Observations show that the coefficients 

y = -0.02263x5 + 0.05424x4 - 0.03656x3 + 0.00063x2 + 0.00313x + 0.00132
R² = 0.99971
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Figure 3. Equation at T = 283.15K

y = -0.01638x5 + 0.03958x4 - 0.02723x3 + 0.00097x2 + 0.00216x + 0.00101
R² = 0.99977
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Figure 4. Equation at T = 293.15K

y = -0.01186x5 + 0.02902x4 - 0.02054x3 + 0.00125x2 + 0.00145x + 0.00078
R² = 0.99985
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Figure 5. Equation at T = 303.15K
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of the polynomials vary with temperature, which makes sense given that temperature is a primary 

factor influencing viscosity.  

 

To account for differences in the dynamic viscosity of the ammonia-water solution at different 

temperatures, the innovative concept of 'proportional nodes' was introduced in this study. This 

method was demonstrated by looking at the mole fraction that had the largest variation in dynamic 

viscosity, which was imagined to be 0.2 moles for demonstration reasons. It is for this reason that 

a pictorial illustration is required. To find the precise mole fraction, a computer programme can 

usually be created. Table 3 shows that the dynamic viscosity constantly decreases with increasing 

temperature, confirming the inverse relationship between temperature and viscosity that is 

frequently seen in fluid dynamics (Holman and Gajda, 2001).  

 

Table 2. Equations and coefficient of determination for dynamic viscosity at each temperature 
Mole Fraction of 

Ammonia in Solution 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

273.15K 1.749E-03 2.122E-03 2.363E-

03 

2.301

E-03 

1.970

E-03 

1.500

E-03 

1.027

E-03 

6.492

E-04 

3.971

E-04 

2.478

E-04 

1.631

E-04 

Generated Equation 1 
and R2 from 

Microsoft Excel 

η = -0.030862x5 + 0.073458x4 - 0.048699x3 + 0.000087x2 + 0.004430x + 0.001742 
R² = 0.999663 

 

283.15K 1.328E-03 1.596E-03 1.771E-

03 

1.728

E-03 

1.490

E-03 

1.147

E-03 

7.982

E-04 

5.152

E-04 

3.233

E-04 

2.073

E-04 

1.367

E-04 

Generated Equation 2 

and R2 from 

Microsoft Excel 

η = -0.02263x5 + 0.05424x4 - 0.03656x3 + 0.00063x2 + 0.00313x + 0.00132 

R² = 0.99971 

293.15K 1.012E-03 1.201E-03 1.326E-

03 

1.297

E-03 

1.128

E-03 

8.811

E-04 

6.258

E-04 

4.144

E-04 

2.678

E-04 

1.769

E-04 

1.168

E-04 

Generated Equation 3 

and R2 from 

Microsoft Excel 

η = -0.01638x5 + 0.03958x4 - 0.02723x3 + 0.00097x2 + 0.00216x + 0.00101 

R² = 0.99977 

 

303.15K 7.819E-04 9.134E-04 1.002E-
03 

9.834
E-04 

8.651
E-04 

6.878
E-04 

5.004
E-04 

3.411
E-04 

2.274
E-04 

1.547
E-04 

1.023
E-04 

Generated Equation 4 

and R2 from 
Microsoft Excel 

η = -0.01186x5 + 0.02902x4 - 0.02054x3 + 0.00125x2 + 0.00145x + 0.00078 

R² = 0.99985 

 

Table 3. Dynamic Viscosity Values of Ammonia-water Solution at 0.2 wt fraction for Various 

Temperatures 

Temperature (K) (y Value) Dynamic Viscosity ( Pa.s) (x value) 

273.15 2.363E-03 

283.15 1.771E-03 

293.15 1.326E-03 

303.15 1.002E-03 

 

The procedure for calculating the proportional nodes for each temperature is shown in Table 4. 
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The equation of the proportional nodes is gotten by applying Microsoft Excel. The details are 

extracted from Table 4 and is shown in Table 5. 

 

Table 4. Procedure for calculating the proportional nodes 
Temperature (K) (y value) Dynamic viscosity ( 

Pa.s) (X value) 

Values of proportional nodes (x values) 

273.15=E 2.363E-03 =A (A-A)/(A-D) 
0.0000 

283.15=F 1.771E-03 = B (A-B)/(A-D) 4.35E-01 

293.15=G 1.326E-03 = C (A-C)/(A-D) 7.62E-01 

303.15=H 1.002E-03 = D (A-D)/A-D) 
1.0000 

 

Table 5. Proportional nodes data 

Temperature (K) Nodes 
273.1500 0.0000 

283.1500 4.35E-01 

293.1500 7.62E-01 

303.1500 1.0000 

 

The Microsoft Excel plot of Table 5 is shown in Figure 6. 

 

 

 

 

 

 

 

 

 

 

 

 

Nodes =- 0.0004925 T2 + 0.3170978 T - 49.8684211     (1) 

R² = 0.9999679 

 

Table 4 describes the systematic process that was used to compute the proportional nodes. 

Equation (1), which shows the remarkable R² value of 0.9999679, illustrates how these nodes were 

used to create a second-degree polynomial. For a given mole fraction, this polynomial serves as a 

scaling factor by illustrating how the viscosity varies with temperature.  

 

 

We have the proportional nodes equation and the equations for each line, as displayed in Table 2. 

y = -0.0004925x2 + 0.3170978x - 49.8684211
R² = 0.9999679
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Figure 6. Plot of Nodes data
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The importance of maintaining the polynomial's power at each temperature cannot be overstated 

while using this strategy. Furthermore, each process should continue to use the Microsoft Excel 

Trendline Option. 

 

Therefore, Equation (2) gives the dynamic viscosity at any position within the temperature range.  

 

 η (Pa.s)= (Equation of enthalpy at point where nodes =0) -* [(Equation of enthalpy at point where 

nodes =1) – (Equation of enthalpy at point where nodes =0)] x Nodes Equation      (2) 

 

* Please note that the sign is minus and not plus because dynamic viscosity decreases as 

temperature increases. 

 

The dynamic viscosity of ammonia water solution can be represented by; 

 

η (Pa.s) = y = (-0.030862X5 + 0.073458X4 - 0.048699X3 + 0.000087X2 + 0.00443X + 

0.001742)-(( -0.030862X5 + 0.073458X4 - 0.048699X3 + 0.000087X2 + 0.00443X + 0.001742)-(-

0.01186X5 + 0.02902X4 - 0.02054X3 + 0.00125X2 + 0.00145X + 0.00078))x Nodes   (3) 

 

or 

η (Pa.s)=(-0.030862X5 + 0.073458X4 - 0.048699X3 + 0.000087X2 + 0.00443X + 0.001742)-(( -

0.030862X5 + 0.073458X4 - 0.048699X3 + 0.000087X2 + 0.00443X + 0.001742)-(-0.01186X5 + 

0.02902X4 - 0.02054X3 + 0.00125X2 + 0.00145X + 0.00078)) (-0.0004925T2 + 0.31709775T  - 

49.868421081)   (4) 

 

Simplifying; 
-0.030862x5 + 0.073458x4 - 0.048699x3 + 0.000087x2 + 0.004430x + 0.001742 
- 

There is a bracket here 
 

-0.030862x5 + 0.073458x4 - 0.048699x3 + 0.000087x2 + 0.004430x + 

0.001742 

- 
(-0.01186x5 + 0.02902x4 - 0.02054x3 + 0.00125x2 + 0.00145x + 

0.00078) 
 

 

* (-0.0004925T2 + 

0.31709775T  - 

49.868421081 

 

 

Subtracting first the coefficients in the bracket; 

 
-0.030862 0.073458 -0.048699 0.000087 0.004430 0.001742 
- 

-0.01186 0.02902 -0.02054 0.00125 0.00145 0.00078 
= 

-0.01900 0.04444 -0.02816 -0.00116 0.00298 0.00096 

 

Thus 
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-0.030862x5 + 0.073458x4 - 0.048699x3 + 0.000087x2 + 0.004430x + 0.001742 

- 

There is a bracket here 
 

-0.01900x5 + 0.04444x4 - 0.02816x3 -0.00116x2 + 0.00298x + 

0.00096 
 

 

* (-0.0004925T2 + 

0.31709775T  - 

49.868421081) 

 

 

 

Or; 

η (Pa.s)= (-0.030862x5 + 0.073458x4 - 0.048699x3 + 0.000087x2 + 0.004430x + 0.001742)-( -

0.01900x5 + 0.04444x4 - 0.02816x3 -0.00116x2 + 0.00298x + 0.00096)* (-0.0004925T2 + 

0.31709775T  - 49.868421081)   (5) 

 

The average percentage difference (Sum of Percentage Difference/Number of Points) is calculated 

from these values in order to demonstrate that this equation satisfactorily represents the data. The 

percentage difference for values from correlation and actual values is calculated as [(ηactual –

ηcalculated)/ ηactual] * 100.0]. Table 6 summarises the values. 

 

Table 6. Percentage difference for dynamic viscosity values from correlations and actual values 
Mole Fraction of ammonia in Ammonia in Solution 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

273.15K  1.749E-03 2.122E-03 2.363E-
03 

2.301E-
03 

1.970E-
03 

1.500E-
03 

1.027E-
03 

6.492E-
04 

3.971E-
04 

2.478E-
04 

1.631E-
04 

Calculated value from Proportional Nodes 
Method 273.15 

0.001741086 0.002143045 0.002348 0.002283 0.001975 0.001517 0.001032 0.000632 0.000383 0.00027 0.000156 

Percentage Difference [(ηactual –ηcalculated)/ 
ηactual]*100.0 

0.452487 -0.99175 0.634786 0.782269 -0.25381 -1.13333 -0.48685 2.649415 3.550743 -8.95884 4.353158 

Generated Equation 1 and R2 from Excel η = -0.030862x5 + 0.073458x4 - 0.048699x3 + 0.000087x2 + 0.004430x + 0.001742 
R² = 0.999663 
 

Mole Fraction of Ammonia in Solution 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

283.15K 1.328E-03 1.596E-03 1.771E-
03 

1.728E-
03 

1.490E-
03 

1.147E-
03 

7.982E-
04 

5.152E-
04 

3.233E-
04 

2.073E-
04 

1.367E-
04 

Calculated value from Proportional Nodes 
Method 283.15K 

0.001326272 0.001615056 0.001766 0.00172 0.001497 0.001162 0.000803 0.000504 0.000314 0.000223 0.000132 

Percentage Difference [(ηactual –ηcalculated)/ 
ηactual]*100.0 

0.13012 -1.19398 0.282326 0.462963 -0.4698 -1.30776 -0.60135 2.173913 2.876585 -7.57356 3.438186 

Generated Equation 2 and R2 from Excel η = -0.02263x5 + 0.05424x4 - 0.03656x3 + 0.00063x2 + 0.00313x + 0.00132 
R² = 0.99971 

Mole Fraction of Ammonia in Solution 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
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293.15K 1.012E-03 1.201E-03 1.326E-
03 

1.297E-
03 

1.128E-
03 

8.811E-
04 

6.258E-
04 

4.144E-
04 

2.678E-
04 

1.769E-
04 

1.168E-
04 

Calculated value from Proportional Nodes 
Method 293.15K 

0.001006214 0.001207676 0.001316 0.001286 0.001128 0.000887 0.000627 0.000406 0.000261 0.000186 0.000113 

Percentage Difference [(ηactual –ηcalculated)/ 
ηactual]*100.0 

0.571739 -0.55587 0.754148 0.848111 0 -0.66962 -0.19175 2.027027 2.539208 -3135.16 3.253425 

Generated Equation  3 and R2 from Excel η = -0.01638x5 + 0.03958x4 - 0.02723x3 + 0.00097x2 + 0.00216x + 0.00101 
R² = 0.99977 
 

Mole Fraction of Ammonia in Solution 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

303.15K 7.819E-04 9.134E-04 1.002E-
03 

9.834E-
04 

8.651E-
04 

6.878E-
04 

5.004E-
04 

3.411E-
04 

2.274E-
04 

1.547E-
04 

1.023E-
04 

Calculated value from Proportional Nodes 
Method  303.15K 

0.000780914 0.000920907 0.001 0.00098 0.000868 0.000694 0.000503 0.000337 0.000224 0.000161 0.0001 

Percentage Difference  [(ηactual –ηcalculated)/ 
ηactual]*100.0 

0.126103 -0.82187 0.199601 0.345739 -0.33522 -0.90142 -0.51958 1.201994 1.495163 -4.0724 2.248289 

Generated Equation 4 and R2 from Excel η = -0.01186x5 + 0.02902x4 - 0.02054x3 + 0.00125x2 + 0.00145x + 0.00078 
R² = 0.99985 

 

The average percentage difference for the surface (Sum of percentage deviation/Number of 

points) is calculated from values in Table 6 and presented in Table 7. 

 

Table 7. Values of percentage deviation for various temperatures and mole fractions 
 Mole Fraction 

Temp 

(K) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

273.15 0.452487 -0.99175 0.634786 0.782269 -0.25381 -1.13333 -0.48685 2.649415 3.550743 -8.95884 4.353158 

283.15 0.13012 -1.19398 0.282326 0.462963 -0.4698 -1.30776 -0.60135 2.173913 2.876585 -7.57356 3.438186 

293.15 0.571739 -0.55587 0.754148 0.848111 0 -0.66962 -0.19175 2.027027 2.539208 -5.14415 3.253425 

303.15 0.126103 -0.82187 0.199601 0.345739 -0.33522 -0.90142 -0.51958 1.201994 1.495163 -4.0724 2.248289 

 Average percentage difference for the surface ±0.2614293 

 

 

Equation (5) satisfactorily provides the final equation for determining the dynamic viscosity of the 

ammonia-water solution at any given temperature and mole fraction for the defined temperature 

range, as demonstrated by the very low average percentage difference for the surface. 

 

4.0 Discussion 

The correlation for determining the dynamic viscosity of the ammonia-water solution at any given 

temperature and mole fraction for the chosen temperature range is satisfactorily represented by 

Equation (5). Together with the proportional nodes equation, it includes the polynomial equations 

for the two extreme temperatures, 273.15K and 303.15K. In addition to being simpler, the derived 
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equation provides a reliable and extremely accurate model for estimating the dynamic viscosity of 

an ammonia-water solution under various circumstances.  

 

Every created equation (as seen in Table 6) has R2 values that range from 0.999663 to 0.99985, all 

of which are consistently very close to 1. This demonstrates how well the model can predict the 

dynamic viscosity of an ammonia-water solution under various circumstances. The obtained 

model's validity and dependability are further supported by these R2 values, which demonstrate the 

model's good agreement with empirical observations (Motulsky and Ransnas, 1987). According 

to our findings, temperature and viscosity have an inverse connection, which is in line with 

previous fluid dynamics research (Bergman et al., 2011). It is known, for instance, that rising 

temperatures typically cause viscosity to decrease because of the molecules' higher kinetic energy, 

which lowers internal resistance to flow (Incropera and DeWitt, 2002).  

 

Table 7 tabulates the average percentage deviations between the calculated and real dynamic 

viscosity values over a range of temperatures and mole fractions. The strong agreement between 

the model's predictions and the actual observed data is confirmed by the normally very small 

percentage differences. The variances, which are noteworthy for not being systematic and varying 

about zero, suggest that the model's predictions are not biassed in any way.  

 

5.0 Conclusion 

The dynamic viscosity of an ammonia-water solution at different temperatures and mole fractions 

can be predicted using a thorough and extremely accurate model that is provided by this work. The 

model's remarkable predictive power and dependability are shown by the R2 values, which are near 

to 1, and the small percentage variations between estimated and actual values under different 

scenarios. In summary, this research significantly advances our knowledge of and ability to 

compute the correlation for the dynamic viscosity of ammonia-water mixes. It also holds promise 

for a number of applications where such data arrangement for mixtures exists. 

 

Acknowledgement  

The authors wish to acknowledge the funds provided for this research and publication by 

TETFund Centre of Excellence for Renewable Energy, Kaduna Polytechnic, Kaduna, Nigeria. 

The funds were provided by the Tertiary Education Trust Fund (TETFUND), Nigeria, under the 

TETFUND Special Intervention for Establishment of Centre of Excellence 

(TETF/ES/DS&D/KADPOLY/COE /2021/VOL11).  

References 

Bergman, T. L., Lavine, A. S., Incropera, F. P., & DeWitt, D. P. (2011). Fundamentals of Heat and 

Mass Transfer (7th ed.). John Wiley & Sons. 

Cheng, N. S. (2008). Formula for the viscosity of a glycerol-water mixture. Industrial & 

Engineering Chemistry Research, 47(9), 3285-3288. https://doi.org/xxxxxxx 

Conde-Petit, M. (2006). Thermophysical Properties of NH3/H2O Mixtures for the Industrial 

Design of Absorption Refrigeration Equipment. A formulation for Industrial Use. M. Conde 

Engineering, Zurich, Switzerland 

Holman, J. P., & Gajda, W. J. (2001). Experimental Methods for Engineers (7th ed.). McGraw-

Hill. 

https://doi.org/xxxxxxx


Utilising the innovative proportional nodes curve fitting technique to establish correlations for dynamic viscosity 

of ammonia-water solution; by Mumah S. N., Nwafulugo F.U., Akande H.F. and S. Alexander 

Nigerian Journal of Renewable Energy Research Volume 1, Number 1 - 2023 Page 65 

 

Incropera, F. P., & DeWitt, D. P. (2002). Introduction to Heat Transfer (4th ed.). John Wiley & 

Sons. 

Kumar, A., & Gardas, R. L. (2010). Viscosity of aqueous ammonia solution at high pressures. 

Journal of Chemical Engineering Data, 55, 3983-3986. https://doi.org/xxxxxxx 

Lide, D. R. (2005). CRC Handbook of Chemistry and Physics (86th ed.). CRC Press. 

Motulsky, H., & Ransnas, L. (1987). Fitting curves to data using nonlinear regression: A practical 

and nonmathematical review. FASEB Journal, 1(5), 365-374. https://doi.org/xxxxxxx 

Mumah, S.N. (2022). Introduction of a novel curve fitting approach: The use of Proportional 

Nodes [Unpublished Research and Innovation Report].Kaduna Polytechnic, Kaduna, Nigeria 

 

 

 

https://doi.org/xxxxxxx
https://doi.org/xxxxxxx


Nigerian Journal of Renewable Energy Research 
Volume 1, Number 1, pp 66-81, 2023 

©Copyright NJRER; TETFund Centre for Renewable Energy 
All Rights Reserved.  eISSN 1597-8907: pISSN 1597-8877 

 

Nigerian Journal of Renewable Energy Research Volume 1, Number 1 - 2023 Page 66 

 

PERFORMANCE EVALUATION OF AN ACTIVE SOLAR STILL UNDER 

FORCED CIRCULATION MODE 
 

1,2Tanimu Garba Ibrahim, 1,3,*S. N. Mumah, 4Nwafulugo F.U, 1,3H.F. Akande  

and 5Abdullahi Ismail Belli3  
1TETFund Centre of Excellence for Renewable Energy, Kaduna Polytechnic, Kaduna, Nigeria 

2Department of Mechanical Engineering, Kaduna Polytechnic, Kaduna, Nigeria 
3Department of Chemical Engineering, Kaduna Polytechnic, Kaduna, Nigeria 

4Department of Chemical Engineering, Federal Polytechnic, Oko, Anambra State, Nigeria 
5Department of Electrical & Electronics Engineering, Kaduna Polytechnic, Kaduna, Nigeria 

 

*Corresponding author: mumahsndoyi@kadunapolytechnic.edu.ng 

https://doi.org/10.5281/zenodo.11501394 

https://www.njrer.org/download/vol_1_No_1_pap_5.pdf 
 

ARTICLE INFORMATION  

Article history: 
Received 21 Jun., 2023 
Revised 24 Sep., 2023 
Accepted 13 Oct., 2023 
Available online 20 Oct., 2023 

Keywords:  
Solar Still  
Forced Circulation 
Design  
Performance Evaluation 

 

Abstract 
Water is essential to human survival and well-being on Earth. In Nigeria, getting access to clean water is 

a big problem for many rural and urban people. The increasing population of Nigeria coupled with evident 

socio-economic issues would pose a persistent difficulty for communities to supply clean water to suit the 

needs of their entire populace. There is an urgent need to build self-sustaining systems in order to meet the 

growing demand for freshwater resources. The solar distillation technique appears to be a viable option 

among the traditional distillation methods for meeting the current freshwater demand. This is particularly 

true in places like the artisanal mining districts of Northern Nigeria where the water table is already tainted 

or polluted. This effort was done with the intention of designing and building a solar water distillation 

system that can clean water from different sources. These sources include runoff from residential structures 

and plants, streams, rivers, and tainted wells and boreholes. By using solar water distillation, contaminants 

including salts and heavy metals like lead, arsenic, and mercury are removed, along with microbiological 

organisms. The country's rural areas face issues with portable water and electricity, which led to the design 

and construction of a Solar Still. The polluted water in the basin is heated by the sun's incoming radiation, 

which causes the water to evaporate and condense into pure drinking water. A double slope active solar 

still of the basin type was designed, built, and its performance assessed in this paper. to ascertain the still's 

efficiency.  
 

1.0 Introduction 

The necessity of maintaining good health has led to an increase in the requirement for clean 

drinking water over time. Pressure on the quantity and quality of water resources is rising as a 

result of rapid economic growth and climate change, particularly in tropical and developing 

https://doi.org/10.1016/j.molstruc.2023.136180
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nations. There is usually enough water available, but it needs to be treated because it is brackish 

and saline. In Nigeria, the majority of people lack access to clean drinking water. This is especially 

true in places where artisanal mining is widespread.  

 

Toxic compounds are emitted into the environment throughout many of the methods employed by 

artisanal miners, posing a serious risk to the health of the miners, their families, and the 

neighbouring populations. For example, the amalgamation of mercury used in gold mining 

processes to extract gold from ores makes them extremely hazardous. In addition, these substances 

end up in the water table, contaminating other water sources including wells. Because of the 

associated costs, most State governments find remediation to be quite expensive.  

 

Because they have a tendency to bioaccumulate, heavy metals are harmful. When a chemical's 

concentration in a biological organism rises over time relative to its concentration in the 

environment, this is referred to as bioaccumulation. Damage to the blood composition, lungs, 

kidneys, liver, and other essential organs, as well as diminished or impaired mental and central 

nervous system function, can all be consequences of heavy metal poisoning. Prolonged exposure 

can cause slowly developing neurological, musculoskeletal, and physical degenerative processes 

that resemble multiple sclerosis, Parkinson's disease, Alzheimer's disease, and muscular 

dystrophy. According to the International Occupational Safety and Health Information Centre 

(1999), exposure to certain metals or their compounds over an extended period of time can lead to 

allergies and even cancer. The two most damaging elements to the growing brain are lead and 

mercury (http://www.purewaterservices.co.nz/contaminants/other-contaminants-issues/heavy-

metals):  

1. Early lead exposure increases the risk of attention deficit disorder and lowers reading and 

learning abilities in children compared to peers. 

2. Learning disabilities are observed in children exposed to mercury at above-average levels. 

3. According to recent research, arsenic may also be harmful to the growing brain.  

4. These metals are known to have numerous other negative health impacts.  

 

While it can be more affordable, emerging distillation technology powered by renewable energy 

is seen as a viable alternative for supplying water. It also has the potential to significantly improve 

the lives of those who live in tiny towns in isolated and rural locations.  

 

Numerous academics have conducted studies on the architecture, manufacturing processes, and 

performance evaluation of solar distillation. According to Kabeel and El-Agouz's (2011) 

investigation, preheating the water in the collector can result in a 33% improvement in the distillate 

production. This system is an active system of a traditional solar still integrated with a flat plate 

collector operating in thermosiphon mode. Mink et al. (1998) have presented an air-blown, 

multiple effect solar still with heat energy recycle to boost yield. By simulating the relationship 

between the distillate yield and the evaporation area, Kwatra (1996) demonstrated that a larger 

evaporation area results in a higher yield. In their 1999 study, Khalifa et al. examined the impact 

of feed water preheating on solar stills with single and double slopes, and they found that 

preheating improved the solar still's yield output and efficiency. The convective mass transfer 

relation for a double condensing chamber solar still was derived by Sethi and Dwivedi (2013). 

Regression analysis was used to find the values of C and n in the relation Nu = C(GrPr)n for a 

variety of temperature ranges. It was discovered that the values of C and n suggested by Dunkle 
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(1961) are only true for lower temperature ranges; for higher temperature ranges, the values of C 

and n vary. A novel empirical methodology for calculating mass flow rates in single slope solar 

stills is proposed by Rubio et al. (2000), after they assessed the distillate production for a double-

slope solar still under controlled settings for basin water and collector temperatures within typical 

operating ranges. In order to forecast the productivity of a single-slope solar still, Nafey et al. 

(2001) investigated the several factors influencing solar still performance and created an equation 

linking the dependent and independent variables.  

 

Tripathi and Tiwari (2005) constructed thermal models to establish the energy balance equations 

of both active and passive solar stills, and they validated the theoretical results with experimental 

data. The effects of sponge cube were researched by Abu-Hijleh et al. (2003), who demonstrated 

a significant improvement in the daily production of solar still. The efficiency and fresh water 

production rate of a stepped solar still with integrated latent heat storage improved, according to 

Radhwan's 2005 study. In their 2009 study, El-Sebaii et al. (2009) investigated an analytical 

solution of the energy-balance equations for the thermal performance of a triple-basin solar still 

and discovered that, during the day, the bottom basin's productivity is greater than the upper basins' 

productivity. Exergetic efficiencies for solar-powered distillers are less than 4% for single-effect 

systems, 17–20% for double-effect systems, and 19–26% for triple-effect systems, according to 

research done by Sow et al. (2005). By building a plastic solar still and examining how water depth 

affects mass and heat transmission, Stephen et al. (2012) discovered that distillate output of 2.1 

L/m2/day could be attained in a still basin with a water depth of 0.02 m. According to Lindblom 

(2010), utilising black granite gravel in a single slope solar still can increase efficiency to a 

maximum of 52%, which is 8% more than in a traditional single slope solar still. A new mass and 

heat transfer model for a tubular solar still was proposed by Ahsan and Fukuhara (2009, 2010). It 

included different mass and heat transfer coefficients and took into consideration the humid air 

qualities inside the still.  

 

Stephen et al., (2012) investigate how a double slope sun still's production is affected by its 

direction and the depth of the water in its basin, contrasting it with that of a single slope solar still. 

The authors replaced the traditional collectors with GI plate sandwiched collectors in their work 

on a new solar collector design, and they compared the steady state outlet temperature and 

efficiency.  

 

2.0 Importance of Solar Stills 

The results of mathematical and practical models have demonstrated that full insulation, minimum 

wind speed, and high insulation intensity are necessary for solar-powered systems to operate at 

their peak efficiency. Nigeria's climate satisfies these requirements. There is an urgent need to 

build self-sustaining systems to fulfil the growing demand for freshwater resources. The solar 

distillation technique appears to be a viable option among the traditional distillation methods for 

meeting the current freshwater demand. Microbiological organisms and contaminants like salts 

and heavy metals are eliminated using solar water distillation. One may classify the water 

generated by the procedure as pharmaceutical grade.  

 

The most promising method for using solar energy to purify water from contaminated wells, 

polluted water sources contaminated by crude oil, and salty seawater is to use solar stills. This 

method essentially removes impurities from these contaminated sources, such as dirt, 
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microorganisms, salt, and crude oil and its related constituents, to produce purified water. It is 

among the most crucial ways to obtain drinkable water. The utilisation of solar energy in renewable 

energy-based solar stills is not only infinite, clean, and readily available, but it is also far more 

cost-effective than using fossil fuels (Stephen et al., 2012). An enhanced solar still that can 

generate purified water from several sources has been created and assessed in order to justify the 

usage of this energy source in water purification techniques. It is suggested to use two solar heat 

gathering systems. We anticipate that this setup will increase the still's overall effectiveness. 

Furthermore, the entire apparatus on the constructed rig will run on solar power, enabling 

installation in remote areas without access to electricity.  

 

In this work, distillate output and instantaneous thermal efficiency at various water depths were 

computed, and a double slope active solar still operating in forced circulation mode was developed 

and built.  

 

3.0 Design View/ (Isometric Sketch) 

The isometric, Orthographic Projections and exploded view are shown in Figures 1a to 1f. 

   

4.0 Design Assembly 

The Complete Design Assembly is presented in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1a. Isometric Sketch of key components (solar Still and Flat Plat Solar Collector) 
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Figure 1b. Orthographic Projection of Solar Collector 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1c. Orthographic Projection of Solar Still 
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Figure 1e. Exploded Diagram for Solar Still 

 
Figure 1f. Exploded Diagram for Solar Collector 

 

5.0 Basic Operation of Solar Still 

The still is filled to a predetermined level with water to be purified. Because the surface of the still 

is coated with a black material to maximise the absorption of solar heat, solar radiation is able to 

travel through the glass cover and reach the bottom, where it is mostly absorbed by the base. The 

moisture content of the air trapped between the water's surface and the glass cover increases as the 
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water starts to heat up. Water from the basin evaporates when it is heated and condenses on the 

inside of the glass lid. Only condensed water trickles through the slanted glass cover in the 

downward direction of the collection trough and is kept in the bottle during this process, as the 

pollutants present in the original water settle in the base itself. The solar still's basin needs to be 

cleaned daily to get rid of contaminants and settled salt. We can absorb more heat energy without 

wasting it if we only remove these. 

 

6.0 Materials and Method of Fabrication 

As shown in the schematic diagrams (Figure 1a to 1e), the distillation set-up consisted of four 

main parts: 

i. A solar still without any moving parts. Solar still basin will be made up of a fiber reinforced 

plastic (FRP) to withstand the harsh conditions produced by water and sunlight. The 

advantages of FRP over other reinforcing materials such as glass fiber, carbon fiber etc are 

their specific strength properties, easy availability, light weight, high toughness, non-

corrosive nature, low density, good thermal properties, renewability and biodegradability.  

ii. A Flat-plate collector which is a metal box with a glass cover (called glazing) on top and a 

black-colored absorber plate on the bottom. The sides and bottom of the collector will be 

insulated to minimize heat loss.  

iii. A DC water pump powered by solar energy from a solar panel and inverter system. 

iv. The distillate water will collect in a plastic channel fixed at the lower end side of both the 

glass covers. The distillate collected is continuously drained through flexible pipe and 

stored in dedicated containers placed outside on both sides. 

 

7.0 Measuring Instruments: Measurement of temperature: 

The temperature of the condensing cover and water vapour were measured using copper-

constantan thermocouples. Zeal thermometer (standard thermometer) was used to aid calibrate the 

thermocouples employed in the setup. A mercury thermometer that has been calibrated will be 

used to record the ambient air temperature. 

 

Measurement of solar radiation: The solar intensity was measured with the help of a calibrated 

solarimeter, having least count of 20 W/m2. 

 

Setup: In an active solar still, the flat plate collector is often connected to the solar still in a way 

that allows hot water from the collection plate to reach the basin of the still when it is in forced 

circulation mode. The connectors for the collection plate's input and outlet were removed from the 

basin's bottom. The input pipe featured a valve to regulate the flow of water via the collecting 

plate. Water running through tubes receives energy from the sun that is absorbed by the collecting 

plate. In order to receive the most solar radiation possible, the double slope solar still was 

positioned east-west, and the collector plate was inclined at 11.5o (Kaduna's latitude) facing south. 

 

8.0 Fabricated Equipment 

Figures 2a to2d show the pictorial view of the fabricated equipment. Table 1 shows a summary 

of the materials used in the fabrication. 
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Table 1. Summary of the Materials Component of the Solar Still Considered 

S/No Component Material(s) Properties and Comments 

1 Collector/Glazing 

(Trans- parent) 

Plastic Glass • Low water absorptance 

• High thermal conductivity 

• Transparent to short wave radiation 

(Transmittivity = 0.9) 

• Low iron content 

• Can withstand the effect of weather, wind, 

sunshine, rain, dust, etc 
2 Basin (Absorber) Galvanized 

Iron 
• High radiation absorptivity 
• Stable to corrosion 
• High thermal conductivity 

3 Solar Reflector  Galvanized 
Iron 

• Minimum corrosion problem 
• High thermal conductivity 
• High reflectivity 

• Cheaper and readily available 
4 Cover (Casing) Plywood/iron • Has uniform strength 

• Has no cleavage 

• Very durable even though it is more 

expensive than hard wood 
• Stronger, Light weight and cheaper 
• Good insulator 

5 Insulator Fiber Glass • Very cheap 
• Poor conductivity and radiation of heat 
• Very effective for insulation 

6 Sealant (i)  Araldite 

(ii) Putty 

• Can withstand high temperature 
• Good resistance to organic liquids 
• Joint bounded with it are difficult to break 
• Slow curing epoxy 
• Poor adhesive strength 

• Soften under high temperature 

• Cheap and readily available 
7 Drain Pipe PVC • Stable to corrosion 

• Not poisonous to water 
• Cheap and readily available 

8 Support Structure Iron stand • High tensile strength 
• Cheap and easily constructed 

9 Collection trough Rubber troughs • Stable to corrosion 

• Not poisonous to water 
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Figure 2a. Pictorial view of Solar Collector before cover is placed on it 

 

 

Figure 2b. Pictorial view of Solar Collector after Cover is placed on it 

 
Figure 2c. Pictorial view of Solar Still built to Specification 
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Figure 2d. Pictorial view of Solar Collector and Solar Still connected together 

9.0 Instrumentation 

Pictorial views of the instruments and equipment used for various measurements are presented 

below. 

 

  

Hygrometer/Ambient Temperature Analyser Analog and Digital thermocouple readers 

  

Inverter  Thermocouple coils 
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Water flow Sensors Solarimeter 

 

9.0 Testing the Fabricated Setup  

The following parameters have been be measured every half an hour for a period of 9 hours during 

each runs conducted. These details are very important parameters necessary for scale up: 

i. Ambient Temperatures,  

ii. Water temperature from the solar collector 

iii. Solar Intensity 

iv. Amount of distillate for various times of the day 

 

The data generated during the testing of the fabricated rig is presented on Tables 1 to 3 and 

Figures 3 to 5.  

Table1. Amount of pure distilled Water collected during Interval (litres) 
Time Day1 Day2 Day3 Day4 Day5 Day6 Day7 Average 

9.00-9.30 0.12 0.09 0.11 0.15 0.12 0.08 0.11  

9.30-10.00 0.22 0.18 0.16 0.21 0.21 0.22 0.19  

10.00-10.30 0.29 0.27 0.26 0.23 0.28 0.28 0.26  

10.30-11.00 0.39 0.40 0.39 0.41 0.47 0.46 0.32  

11.00-11.30 0.40 0.45 0.48 0.49 0.55 0.47 0.37  

11.30-12.00 0.46 0.55 0.55 0.64 0.67 0.58 0.56  

12.00-12.30 0.79 0.82 0.80 0.87 0.86 0.91 0.75  

12.30-1.00 0.88 0.91 0.87 0.99 0.96 0.96 0.94  

1.00-1.30 0.98 1.02 1.07 1.14 1.17 1.11 0.94  

1.30-2.00 1.21 1.22 1.18 1.25 1.32 1.31 1.15  

2.00-2.30 1.09 1.19 1.19 1.29 1.25 1.25 1.12  

2.30-3.00 0.99 1.02 1.02 0.92 1.17 1.07 0.94  

3.00-3.30 0.71 0.81 0.81 0.81 0.98 0.90 0.79  

3.30-4.00 0.50 0.60 0.59 0.61 0.73 0.57 0.55  

4.00-4.30 0.34 0.31 0.30 0.32 0.43 0.33 0.27  

4.30-5.00 0.22 0.24 0.24 0.24 0.22 0.29 0.20  

Average Ambient 

Temperature (oC) 

33.5 30.2 32.3 30.6 29.5 30.2 31.3 31.1 
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Figure 3. Amount of pure distilled Water collected during Interval (litres) for various times of the 

day for selected days in October, 2020 

 

Table 2. Water temperature into still from solar collector (oC) for selected days in October, 2020 
Time Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

9.30 32.2 31.09 32.45 35.20 31.91 31.44 32.05 
10.00 37.0 36.79 37.23 42.24 38.11 36.09 38.33 
10.30 40.0 39.62 41.68 44.15 41.05 38.92 41.98 
11.00 51.0 50.88 50.97 57.54 50.77 51.18 51.17 
11.30 57.0 56.75 57.98 64.12 56.78 57.25 58.08 
12.00 60.0 58.68 61.03 67.88 59.55 58.18 62.36 
12.30 68.4 65.90 69.57 74.93 68.33 64.88 68.78 
13.00 70.3 68.75 71.50 77.35 70.88 67.15 73.48 
13.30 78.0 78.28 79.34 86.48 77.98 79.08 79.94 
14.00 73.9 73.27 75.17 83.93 73.50 72.97 78.27 
14.30 65.0 63.57 66.11 74.06 64.55 64.27 62.68 
15.00 62.0 61.64 63.06 66.75 63.34 62.64 64.54 
15.30 58.0 57.72 58.99 65.42 5755 57.02 58.99 
16.00 47.0 45.57 47.80 53.56 47.67 44.47 47.80 
16.30 40.5 40.2 41.19 45.90 40.99 41.22 40.19 
17.00 38.0 37.36 38.65 41.24 37.94 36.16 37.05 
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Figure 4. Water temperature into still from solar collector (oC) for various times of the day for 

selected days in October, 2020 
 

Table 3. Solar Hourly Global Radiation Values (W/m2)- for selected days in October, 2020 
Time Day1 Day2 Day3 Day4 Day5 Day6 Day7  

8.0 320.67 317.50 319.00 335.95 313.29 310.09 305.11  

8.5 360.72 354.03 357.42 374.29 352.42 348.82 350.34  

9.0 410.98 402.64 409.28 430.74 401.53 397.42 388.59  

9.5 474.76 465.59 473.76 497.45 463.84 459.09 453.07  

10 533.78 515.84 533.18 557.84 521.50 516.17 521.65  

10.5 576.87 550.37 575.87 607.66 563.60 557.83 561.02  

11 615.87 613.86 616.47 646.29 601.70 595.55 600.36  

11.5 705.86 691.68 703.86 741.05 689.63 682.57 680.04  

12 786.98 769.75 779.14 820.10 768.88 761.01 758.99  

12.5 768.98 753.98 765.24 810.50 751.29 743.60 749.52  

13 750.87 750.11 748.93 780.38 733.60 726.09 730.71  

13.5 730.98 717.48 732.17 764.78 714.17 706.86 705.47  

14 721.98 714.59 721.98 760.08 705.37 698.15 680.60  

14.5 660.97 652.38 655.22 690.98 645.77 639.16 631.91  

15 588.87 586.21 575.92 609.72 575.33 569.44 558.07  

15.5 470.48 464.36 469.54 492.02 459.66 454.95 454.98  

16 387.87 397.83 388.22 406.63 378.95 375.07 370.19  

16.5 320.65 320.48 322.29 340.40 313.28 310.07 312.30  

17 236.87 234.79 235.90 246.70 231.42 229.05 232.59  
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Figure 5. Solar Hourly Global Radiation Values (W/m2) for various times of the day for selected 

days in October, 2020 

10.0 Analysis of Data generated by the fabricated rig. 

The distillate variation during a seven-day period is displayed in Table 1 and Figure 3. The average 

daily ambient temperature is also displayed in Table 1. The water temperature into the still from 

the solar collector is displayed in Tables 2 and 4 (oC), and the solar hourly global radiation values 

(W/m2) for different times of the day are displayed in Tables 3 and 5. A solarimeter was used to 

measure the average solar intensity for each of the days that were taken into consideration, and 

type K thermocouples were used to create the temperatures.  

 

Over the course of the seven days that were taken into consideration for the rig's testing, the 

average daily temperature was 31.1 °C. It was discovered from the daily measurement (Figure 5) 

that the hours of 8:00 am to 9:00 am are when the least amount of solar radiation is received, and 

this is also the time when the least quantity of distillate is obtained. Furthermore, it was noted that 

for the seven days under consideration, the largest distillate production was achieved between the 

hours of 1:00 pm and 2:00 pm, despite the fact that solar radiation was at its highest between 12:00 

noon and 1:00 pm.  

 
11.0 Conclusion 
Lack of freshwater is a major problem in many Nigerian communities, particularly in remote and 

rural locations. The primary reasons for doing this review are this reality as well as the prevalence 

of untreated well water and water from streams and rivers in the majority of the nation. The 

outcomes produced by this construction demonstrate that single-effect solar stills are an affordable 

way to purify water in rural parts of the nation.  

 

This study has demonstrated that utilising a solar still basin for water distillation is a cost-effective 

way to obtain portable drinking water in rural locations. Bacteria, salt, heavy metals, and other 

contaminants and impurities must all be totally eliminated throughout the distillation process. 
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Since solar stills don't require power, which is unavailable in the majority of Nigeria's rural areas, 

they have proven to be among the greatest water purifying technologies available.  

 

The design's outcomes have consequences for creating a stable and effective single-slope solar still 

system. It is simple to adjust the inclination angle with this kind of construction. No matter where 

it is located, this has the ability and potential to create distilled water for residential, commercial, 

and industrial uses. The manufacturers advise mass producing this equipment so that it can be used 

in remote locations without access to portable drinking water.  
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Abstract 

Biofuels are liquid, gas and solid fuels produced from the conversion of biomass feedstock. The 

liquid product of this conversion through fast pyrolysis is a dark brown liquid known as bio-oil. 

The use of fast pyrolysis provides a higher yield of bio-oil compared to the other methods, such as 

gasification and combustion. The bio-oil produced can be readily stored, transported, and used as 

fuel and a source of chemicals. It is considered to be a relevant technology because; it provides 

energy security, environmental gains, economic stability and foreign exchange. Biomass is 

regarded as a renewable energy source with the highest potential to contribute to energy need of 

the modern society. The biomass resources in Nigeria include the following; wood, grasses, 

shrubs, animal wastes arising from forestry, agricultural, municipal and industrial activities as 

well as aquatic biomass. This review considers biomass feedstock and its conversion through fast 

pyrolysis to bio-oil. It further discusses various classifications of biofuel and bio-oil. 

 

1.0  Introduction 

The increasing industrialization and motorization of the world has led to a steep rise for the demand 

of petroleum-based fuels. Today fossil fuels take up 80% of the primary energy consumed in the 

world, of which 58% alone is consumed by the transport sector (Nigam and Singh, 2011). The 

sources of these fossil fuels are becoming depleted. Through its consumption, fossil fuels 

contribute significantly to greenhouse gas (GHG) emissions which can lead to many negative 

effects including climate change, receding of glaciers, rise in sea level, loss of biodiversity, etc. 

(Gullison et al., 2007). The increasing energy consumption and GHG emissions have led to a move 

towards alternative, renewable, sustainable, efficient and cost-effective energy sources with lesser 

emissions. Four of the strategically important sustainable alternative energy sources are biofuels, 

mailto:ayo.kuye@uniport.edu.ng
https://doi.org/10.1016/j.molstruc.2023.136180
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hydrogen, natural gas and syngas (synthesis gas). Within these four, biofuels are the most 

environment-friendly energy source.  

 

The term biofuel refers to liquid, gas and solid fuels predominantly produced from biomass 

(Demirbas, 2006). Biomass can be defined as the biodegradable fraction of products, waste and 

residues from organic non-fossil material of biological origin that is readily available on recurring 

sustainable basis (Bridgewater, 1999). Biomass may be considered as the energy derived from 

plants, such as trees, grasses, agricultural crops/residues, organic fractions of municipal solid 

wastes, paper, cardboard, food waste, animal manure, green waste and other waste (Demirbas, 

2009; Sambo, 2000). It is in abundance and stands as the third energy resource after oil and coal 

(Yaman, 2004; Radmanesh et al., 2006). The significant advantage of using biomass is that it can 

be converted to liquid, solid and gaseous fuels (Yaman, 2004). It can also contribute to mitigating 

the effects of climate change as it will replace conventional fossil fuels (Radmanesh et al., 2006; 

Tsai et al.,2005). Biomass availability in Nigeria is discussed in Section 2. 

 

Various routes exist by which biomass can be converted into bioenergy and other industrial 

products. Such routes include: biological, chemical and thermal processes. Biological method 

involves the use of fermentation (bacterial and fungal) and anaerobic digestion, chemical processes 

involve the transesterification of oil to produce biodiesel, while thermal conversion processes 

include direct combustion, gasification and pyrolysis. These processes are described further in 

Section 3. Out of all these processes, pyrolysis produces energy fuels with high fuel-to-feed ratios, 

making it probably the most efficient process for biomass conversion and the method most capable 

of competing and eventually replacing non-renewable fossil fuel resources (Demirbas, 2006). 

Pyrolysis is discussed further in Sections 4 and 5. 

 

The liquid product of the fast pyrolysis of biomass is called bio-oil. This bio-oil is a dark brownish 

viscous, free-flowing organic liquid that is made up of highly oxygenated compounds, which bear 

some resemblance to fossil crude oil (Czernik and Bridgwater, 2004). The synonyms for bio-oil 

include pyrolysis oils, pyrolysis liquids, bio crude oil (BCO), wood liquids, wood oil, liquid 

smoke, wood distillates, pyroligneous acid and liquid wood (Mohan et al., 2006). Bio-oil is 

considered as relevant technologies for the following reasons: energy security, environmental 

concerns, foreign exchange savings, and socio-economic issues related to the rural areas. Typical 

bio-oil properties are presented in Section 6. 

 

2.0  Biomass Availability In Nigeria 

Majority of the world poor live in sub-saharan Africa. Nigeria is the most populous country in sub-

saharan Africa with nearly one quarter of sub-sahara Africa’s population and is one of the poorest 

countries in the world despite the huge resources from crude oil export (Etiosa et al., 2007). The 

current population of Nigeria stands at 167 million with an annual growth rate of 2.3 per cent 

(Zubem, 2012). Nigeria is located in West Africa, between latitudes 4 and 14onorth of the equator 

and longitude 3 and 14oeast of Greenwich, along the Gulf of Guinea (Sambo, 2009; Obioh, 2009). 

It borders the Gulf of Guinea, between Benin (773 km) on the west and Cameroon (1, 690 km) on 

the east (www.nationsencyclopedia.com, accessed on December 14, 2012). It also borders the 

Republic of Niger (1,497 km), Chad (87km), and Atlantic Ocean (853km) at the north, north-east, 

and south, respectively. The land mass of the country extends from the Gulf of Guinea in the south 

to the Sahel (the shore of the Sahara Desert) in the north and this amounts to a total land area of 
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910, 768km2 (www.nationsencyclopedia.com, accessed on December 14, 2012; Obioh, 2009). 

Approximately 33% or 300,550 km2of the total land area is arable, while 3.1% or 28, 234 km2 is 

under permanent crops and approximately 2, 820 km2 or 0.31% is under irrigation (CIA, 2009). 

About 13 000 km2 of the total compact area of 923, 768 km2which Nigeria occupies is water and 

the terrain thus varies from coastal swamp and tropical forest in the south, to savannah and semi-

desert in the north (Obioh, 2009). The availability of biomass resources follows the same pattern 

as the vegetation of the nation (Sambo, 2000). Thus, the rain forest in the south generates the 

highest quantity of woody biomass while the guinea savannah vegetation of the north central 

region generates more crop residues than the Sudan and Sahel savannah zones. Global climate 

models predict increased precipitation in some areas in Nigeria and this should result in increased 

biomass availability (Obioh, 2009).  However, countering the increased biomass availability will 

be the increased flooding in the south and drought in the North. As would be expected, the net 

effect of climate change on biomass availability will depend on the relative magnitudes of these 

changes.  

 

Biomass is the major energy source in Nigeria contributing nearly 78% of Nigeria primary energy 

supply (Edirin and Nosa, 2012). In Nigeria, the following biomass resources are available; 

fuelwood, agricultural waste and crop residue, sawdust and wood shaving, animal dung/poultry 

droppings, industrial effluents/municipal solid wastes (Sambo, 2009). Table 1 shows the estimated 

biomass resources in Nigeria. 

 

 

Table 1. Biomass Resources and the estimated quantities in Nigeria in the year 2000  

Resources Quantity (million tonnes) Energy value ( '000 MJ) 

Fuel wood 39.1 531 

Agro-waste 11.244 147.7 

Saw dust 1.8 31.433 

Municipal Solid Waste 4.075 - 

Source: Sambo (2008) 

 

2.1 Fuelwood 

Nigeria is naturally endowed with a vast area of land dominated with forest. In 1981, about 

13,071,464 hectares of forest land was recorded (Sambo, 2008). The forest resources if harvested, 

can be an important source of bio fuel.  In the recent times, about 80 million cubic metres, 

equivalent to 43.4 x 109 kg (or 43.4 million tonnes) of fuelwood with an average daily consumption 

ranging from 0.5-1.0 kg of dry fuelwood per person is being consumed in the country annually for 

cooking and domestic purpose (Ohunakin, 2010). These consumers of the fuelwood are over 60% 

population of the country and they consume about 95% of fuelwood (Energy Commission of 

Nigeria, 2003; Energy Commission of Nigeria and United Nations Development Programme, 

2005). 

 

The largest sources of fuelwood at present are from open forest, communal woodlots and private 

farmlands (Presidency, 2003). Apart from cooking and other domestic purposes such as lighting, 

fuelwood can also be used in cottage industrial activities, such as cassava and oil seeds processing. 

It could be used in the chemical process industries in the production of steam for generation of 

electricity, driving of pumps, etc. The demand for fuelwood has continued to increase, due to the 
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inefficient combustion method used. Over the period 1989-2000, about 32-40% of the total 

primary energy consumption in Nigeria emanated from fuelwood and charcoal (Presidency, 1992). 

This value increased to 37.4% in the year 2000, which corresponds to 39 million tons per annum, 

as can be seen from Table 1(Sambo, 2009). Also, it has been projected that the energy consumption 

would increase to 91 million tons by 2030 (Energy Commission of Nigeria, 1998). 

 

2.2  Agricultural biomass 

Nigeria is greatly endowed with fertile hectares of land that support the cultivation of agricultural 

biomass. Agricultural biomass is a relatively broad category of biomass that includes: the food-

based portion of crops and non-food-based portion of crops, as seen in the energy crop presented 

above. The food-based portion of crops is the part of the plant that is either oil or simple sugars. 

Examples include: Rapeseed (used for canola oil), sun flower, soybeans, corn, sugarcane and sugar 

beets. Corn and sugar beets can be used for ethanol production through fermentation while the 

oilseed crops can be used to produce biodiesel. On the other hand, the non-food-based portion of 

crops is that part which is usually discarded as a residue. Crop residues are those residues that are 

associated with agriculture either as on-the-farm crop wastes, such as cornstalks or as processing 

wastes such as rice husk, corn shells, palm kernel shell, cassava peels, etc., (Sambo, 2000). Other 

examples of non-food-based portion of crops include: perennial grasses, animal waste and landfill 

grasses. Animal wastes such as cattle dung, poultry droppings and abattoir wastes are also 

available at places where cattle are reared, poultry farms and abattoir, etc. Agricultural biomass 

consists of complex carbohydrate and could serve as good sources of fuels. Cornstalks, rice husk, 

cassava peels, etc, can be fermented into ethanol while nutshell can be refined into biodiesel or 

combusted to produce heat. Also, animal wastes can be used in the production of biogas. Biogas 

digesters of various designs are capable of sustaining household, industrial and institutional energy 

needs (Presidency, 2003). The remaining part of this waste after digestion can be used as a 

fertilizer.   

 

However, crop residue (agro-waste) is available in Nigeria in large quantities especially in the rural 

areas where crops are cultivated. From Table 1, the agro-waste (crop residues) in Nigeria was  

estimated in the year 2000 to be about 11.244 million tons of the entire biomass resources of that 

year and this amounted to 147,700 MJ of energy (Sambo, 2000). These wastes are currently burned 

directly as a starter or supplement materials to fuelwood. They have a great potential for bio fuel 

production. Recently, some of these biomasses have been used by different researchers to produce 

bio-oil. These include rice husks and saw dust (Zheng et al., 2006) and cassava plantation, like 

cassava stalk and cassava rhizome (Pattiya et al., 2006).  

 

2.3  Saw dust 

Saw dust is a typical example of lignocellulose biomass (biomass that is mostly plant cell walls 

which have high carbon content). It is readily available in Nigeria, as can be seen from Table 1. It 

is associated with the lumber industry and the main by-product of sawmill. The saw dust generated 

from sawmills are often discarded, burnt as wastes or used for cooking but may also constitute an 

environmental hazard if not properly used.  However, as noted earlier, sawdust can also be 

converted to bio-oil. In the recent times, Zheng et al., (2006) investigated the use of saw dust in 

the production of bio-oil. Also, Heo et al. (2009) investigated fast pyrolysis of waste furniture 

sawdust in a fluidized bed. 
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2.4  Municipal Solid Waste (MSW) 

The portion of MSW that is wood includes items such as discarded furniture, pallets, packaging 

materials, processed lumber, and yard and tree trimmings (U.S. Department of Energy and U. S. 

Department of Agriculture, 2005). These wastes are generated in the high-density urban areas and 

they are usually burned to produce heat. Out of 56.2 million tons of biomass resources generated 

in the year 2000, approximately 4.1 million tons was municipal solid waste. As can be seen from 

Table 1, this quantity is more than twice of the quantity of saw dust generated that year. That is to 

say that large quantity of bio-oil can be generated from MSW compared to saw dust. A number of 

indigenous outfits are producing economically viable systems for converting municipal waste to 

energy (Sambo, 2009). 

 

3.0  Biomass Conversion Processes 

 

3.1  Biological Conversion 

Biological conversion may be carried out either through fermentation or anaerobic digestion. 

Fermentation is enzyme-catalyzed, energy-yielding chemical reactions that occur during the 

breakdown of complex organic substrates in the presence of microorganism, such as yeast or 

bacteria to produce alcohol and carbon dioxide (Klass, 1998). In fermentation, the microorganism 

feeds on the sucrose or glucose produced after pretreatment processes of the biomass (sugar or 

starch) and converts them to alcohol and carbon dioxide. 

 

 2526126 2COOHH2COHC +→      (1) 

 

The alcohol thus, produced is usually called bioethanol. Apart from sugar and starch, any 

lignocellulosic biomass can be used as feedstock. Here, conversion can be achieved by hydrolysis, 

i.e. by breaking the biomass into its component parts. Lignocellulosic conversion would greatly 

increase the supply of raw materials available for bioethanol production. The lignin residues could 

be used as fuel for the fermentation process  (United Nations Industrial Development Organization, 

2007). 

 

The second method of biological conversion process is anaerobic digestion. It is the treatment of 

biomass with a mixed culture of bacterial to produce methane (biogas) as the primary product 

(Ralph and Thomas, 2008). The methane gas produced can be used directly for cooking, heating, 

or electricity generation using fuel cell technology. It can also be compressed like natural gas, for 

transport application.  Anaerobic digestion usually takes place in a low oxygen environment. The 

four stages involved in anaerobic digestion are hydrolysis, acidogenesis, acetogenesis and 

methanogenesis.  

 

3.2  Chemical Conversion 

As mentioned earlier, chemical conversion involves the transesterification of oils into biodiesel 

and glycerol. Transesterification is the reaction of an alcohol with vegetable oil containing 

triglycerides to produce monoalkyl esters and glycerol (Meher et al., 2006). The vegetable oils 

used include: soybean oil, rapeseed oil (canola oil), palm oil and coconut oil. Glycerol is the by-

product of transesterification and it settles at the bottom of the reaction vessel after the reaction 

has been completed.  
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During the transesterification process, intermediate glycerols (mono and diacylglycerols) are 

formed. These intermediate products, and some other impurities such as unseparated glycerol, free 

fatty acids, residual alcohol, and catalyst can contaminate the final product (biodiesel). This can 

lead to severe operational problems, such as engine deposits, filter clogging, or fuel deterioration 

when using biodiesel. 

 

3.3  Thermal Conversion 

There are basically three methods of thermal conversion of biomass to biofuel. The first method 

is called combustion, which is the direct burning of biomass to produce useful energy, such as hot 

water, steam and electricity. Combustion is widely practiced, although the efficiency is very low 

compared to gasification and pyrolysis. When used in many applications, it could lead to fouling 

of equipments. Gasification is the second thermal conversion process and it is used to convert 

biomass to synthesis gas. This synthesis gas is a mixture of carbon monoxide and hydrogen. It can 

be combusted to generate heat which in turn could be used to produce steam, used in an engine or 

turbine for electricity generation. Biomass gasification technologies are similar to coal gasification 

and both produce similar product gases. It is noted that since biomass contains more volatile 

matter, its gasification occurs at lower temperatures and pressures when compared to coal (Ralph 

and Thomas, 2008).  

 

The third thermal conversion process is called pyrolysis. Pyrolysis is always the first stage in 

combustion and gasification followed by total or partial oxidation. In gasification a fuel gas is 

mainly produced, while in pyrolysis, pyrolysis liquid, char and gas are the main products 

(Bridgwater, 2007; Mohan et al., 2006; Bridgwater et al., 2002; Bridgwater and Peacocke, 2000). 

The yield of the liquid product is very dependent on the temperature, heating rate and residence 

time of the raw material. Lower process temperature of about 400oC and longer vapor residence 

time of about 20s favour the production of char while higher temperature of about 800oC and 

longer vapour residence times favours gas formation (Bridgwater, 2007). The highest liquid yield 

is obtained with fast or flash pyrolysis, where the biomass is heated at a very fast rate (1000oC/s) 

to a moderate temperature of about 500oC with very short vapour residence time (<2s).  

 

Typical products yield obtained from different pyrolysis mode is given in Table 2. A more detailed 

description of the thermal processes is given in the next section with much emphasis on fast 

pyrolysis.  

 

Table 2: Typical product yields (dry wood basis) obtained by different modes of pyrolysis of 

wood 

Process  Conditions Liquid (%) Char (%) Gas (%) 

Fast pyrolysis Moderate temperature,short 

residencetime particularly vapour 

75 12 13 

Carbonisation Low temperature,very long 

residencetime 

30 35 35 

Gasification High temperature,long residence times 5 10 85 

Bridgwater (2004) 

 

4.0  Pyrolysis of Biomass 
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Pyrolysis is defined as a thermo-chemical process of the decomposition to smaller molecules by 

thermal energy (Demirbas,2007). The products of pyrolysis are gas, liquid and solid which can be 

used as improved fuels or intermediate energy carriers. Pyrolysis to a liquid offers the possibility 

of decoupling (time, place, and scale), easy handling of the liquids, and more consistent quality, 

compared to any solid biomass (Mohan et. al., 2006). There are three types of pyrolysis, depending 

on temperature, heating rate and residence time. These are flash, fast and slow pyrolysis. Flash 

pyrolysis is a rapid heating rate process occurring at 400-900oC with small residence time. The 

product of flash pyrolysis is gas and it can be used for energy generation. The second type of 

pyrolysis is called fast pyrolysis. This is a thermal process in which the feedstock is rapidly heated 

in the absence of air, vaporizes and condenses to a dark brown mobile liquid which has a heating 

value of about half of the conventional fuel oil (Bridgwater and Peacocke, 2000; Zhang et al., 

2006). Thus, it is differentiated from flash pyrolysis as the heating rates are not extremely high 

and the temperature is lower than 600oC (Ioannidou, 2009). By comparison with slow pyrolysis, 

the heating rates are lower but the residence times are longer. The operating temperature for slow 

pyrolysis is between 450oCand 700oC. The product of slow pyrolysis is mainly solid char, which 

could be used for combustion or as activated carbon.  

 

Fast pyrolysis is mostly used in the conversion of biomass into liquid products. The advantages 

include low production costs, high thermal efficiency, low fossil fuel input, and carbon dioxide 

neutrality (Mohan et. al., 2006). The essential features of the fast pyrolysis process have been 

summarized by Bridgwater and Peacocke (2000) and include: 

i. Very high heating and heat transfer rates that requires a finely ground biomass feed 

ii. Carefully controlled temperature of about 500oC 

iii. Short vapour residence times of typically less than 2 seconds 

iv. Rapid cooling of the pyrolysis vapours to give the bio-oil product 

 

A typical fast pyrolysis process is shown in Figure 1. 

 

 
 

Figure 1: Process flowsheet of a fast pyrolysis process 
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It involves the following stages; grinding, drying, pyrolysis reactor, char separation and liquid 

recovery and storage. Grinding is required to reduce the biomass particle size to the range of 2 mm 

to 200 mm. The actual particle size is dependent on the type of pyrolysis reactor used (Bridgwater 

and Peacocke, 2000; Bridgwater et al., 2002; Bridgwater, 2007). The dryer, operating between 

120oC and 130oC is used to reduce the biomass moisture content to typically less than 10% water. 

After grinding and drying, the biomass is fed into the pyrolysis reactor.  

 

The pyrolysis reaction takes place in the pyrolysis reactor at a temperature of about 500oC and 

short residence time of about 2s. These conditions affect the yield of the bio-oil produced. 

According to Bridgwater (2004), yield of up to 75% wt on dry feed basis can be obtained. As 

would be expected different types of reactors have been developed by so many organizations; some 

of these are discussed in the next section.  The products of pyrolysis reaction include; gases, 

vapours and char. These are sent immediately to the cyclone, where the char is separated and then 

sent to the char collector. The separation of char is necessary, since it contains some alkali and 

alkaline earth metals which act as a cracking catalyst for the bio-oil produced. These could lead to 

the production of side reactions, which in turns, increases the viscosity of bio-oil, resulting in its 

instability (Part et al., 2008). It is important to note that some of these char particles always pass 

through the cyclones and are mixed with the liquid product. These can be removed by using hot 

vapour filtration.  

 

After solid separation, vapours and gases are quenched rapidly to avoid continuous cracking of the 

organic molecules. The non condensable gases are recycled and used as source of heat to the dryer 

while the bio-oil produced is sent to the bio-oil storage tank for immediate applications. It could 

also, be upgraded, if need be.  Some parts of the vapours, like aerosols are very difficult to 

condense, as a result of this, electrostatic precipitators are often used to capture these particulate 

material (Bridgwater and Peacocke, 2000; Bridgwater et al., 2002; Bridgwater, 2007).   

 

5.0  Fast Pyrolysis Reactors 

An integrated fast pyrolysis process consists of the following; biomass reception, storage and 

handling, biomass drying and grinding, reactor, product collection, storage and, when relevant, 

upgrading. But amongst these components of the fast pyrolysis process, reactors are at the heart of 

the process and it probably represents only about 10-15% of the total capital cost of an integrated 

system (Bridgwater, 2011). Most research and development has focused on developing and testing 

different reactor configurations on a variety of feedstocks, although increasing attention is now 

being paid to control and improvement of liquid quality and improvement of liquid collection 

systems (Bridgwater, 2011). Some of these developed reactors include the following; fluidized 

bed, ablative (vortex and rotating blade), rotating cone and vacuum and they are discussed in 

details below. Also the advantages, disadvantages and yields of bio-oil produced using these 

reactors and many other reactors not discussed have been summarized and presented in Table 3. 

 

5.1  Fluidized Bed Reactors  

Fluid bed reactors give a high yield of bio-oil of between 70 wt. % and 75 wt. %. The required 

particle size of the biomass is usually less than 2-3mm and the rate of particle heating is the rate 

limiting step. The residence time of solids and vapours is controlled by the fluidizing gas flow rate 

and is higher for char than for vapours (http://www/pyne.co.uk). 
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Fluidized bed reactors include, deep bubbling, circulating and transported fluidized bed 

respectively. These reactors operate under atmospheric pressure and temperatures ranging from 

about 450°C to 800°C. Bubbling fluid bed, otherwise known as fluid bed, has been popular 

compared to the circulating fluid bed, because, it is a well understood technology that is simple in 

construction and operation, good temperature control, very efficient heat transfer to biomass 

particles due to high solid density and large heat storage capacity (http://www/pyne.co.uk).   

 

On the other hand, circulating fluid beds (CFB) have many of the features of the bubbling fluid 

beds described above, except that they have shorter residence times for chars and vapors. These 

give rise to higher gas velocities, faster vapour and char escape and higher char content in the bio-

oil than in the bubbling fluidized beds. CFB also, have a higher processing capacity or throughput, 

better gas-solid contact and improved ability to handle solids that are more difficult to fluidize. 

This technology is usually used at a very high throughput in the petroleum and petrochemical 

industries (http://www/pyne.co.uk). The technological strength and the market attractiveness 

favour the circulating fluidized bed for its commercial potential. The heat supply typically comes 

from a secondary char combustor (Smolders et al., 2006). 

 

Furthermore, some researchers have used the fluidized bed pyrolyser with different feedstocks to 

produce bio-oil under variable conditions. Examples of such researchers include, Hang et al. 

(2012) and Pattiya and Suttiback (2011). Hang et al. (2012) developed a cylindrical bubbling 

fluidized bed reactor having 2 kg/h pyrolysis capacity to produce biocrude oil using fast pyrolysis. 

The reaction conditions evaluated included biomass feeding rate, biomass particle size, nitrogen 

flowrate, heating temperature and cooling temperature were varied to determine their respective 

effects on the yield of the products. The results show that the biocrude yield increased from 54.6% 

to 57.8%, when the biomass particle size was increased, leading to a decrease in the biocrude yield 

from 56.9% to 51.3%. Hang et al. (2012) also found that increasing the nitrogen flowrate would 

lead to an initial increase in the biocrude oil yield from 53.9% to 54.8% and a later decrease to 

50.6%. According to them, the maximum biocrude oil yield of 57.0% was obtained at 500oC and 

that the bubbling condition vapour residence time and heat transfer played an important role on 

the thermal conversion of biomass and its final products.  

 

Also, Pattiya and Suttiback (2011) worked on the production of bio-oil via fast pyrolysis of 

agricultural residues from cassava plantations (cassava rhizome and cassava stalk) in a fluidized 

bed reactor with a hot vapour filtration unit. They investigated the effects of reaction temperatures, 

biomass particle size and the use of simple hot vapour filtration on pyrolysis product yields and 

properties. The results show that at the maximum biofuel yields were obtained at pyrolysis 

temperatures between 469oC and 475oC for cassava rhizome and stalk, respectively. For these 

feedstocks, the particle size was in the range 250-425 µm resulting in biofuel yields of 61 – 69%. 

According to them, the use of hot vapour filtration unit led to the reduction in the yield of bio-oil 

obtained by 6-7wt%, but gave a better quality in terms of initial viscosity, solid content, ash content 

and stability. 

 

5.2  Entrained Reactor 

This type of reactor allows the use of biomass particle size of between 1 and 5mm, unlike the fluid 

bed reactor. The biomass is charged into a hot down-flow reactor, which is maintained at a 

temperature of 700-8000C for a residence time of less than 1s. The draw backs of the reactor 
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include poor heat transfer, and lower liquid yield. An early process was developed at Georgia Tech 

Research Institute (USA) and a first unit transferred to Egemin (Belgium) for further development 

and scale up (Venderbosch and Prins, 2010).  

 

5.3  Ablative pyrolysis reactors 

This reactor uses a biomass particle size of up to 20mm, as against less 2mm for fluid bed and up 

to 5mm for entrained flow reactor. The biomass particle is moved to a very high velocity by a 

carrier gas (steam or nitrogen) and then introduced tangentially to the vortex (tubular reactor). As 

the particles slide down across the inner side of the reactor, at a very high velocity and reactor wall 

temperature of 6250C, they are pressed on the wall and thus, melted. Vapours generated at the 

surface are quickly swept out of the reactor by the carrier gases to result in vapour residence times 

of 50-100 milliseconds. Although, a high liquid yield of 65% can be obtained using ablative 

reactor, which may compare favourably well with that obtained using fluid bed, the major problem 

it has include scalability and wearing of the reactor wall due to high particle velocity (Venderbosch 

and Prins, 2010). Some researchers have used the ablative fast pyrolysis reactor to produce bio-oil 

from different feedstocks. Thus, Dietrich et al.,., (2007) reported practical results obtained from a 

6 Mg/d dry biomass ablative fast pyrolysis pilot plant and diesel combined heat and power (CHP) 

plant built and operated by PYTEC ThermochemischeAnglagen GmbH. According to them the 

ablative pyrolyser system is a completely new and compact design, comprising a revolving feeding 

system for wood chips and a rotating hot disk as heat surface. The advantages that this design has 

are firstly, neither a heat carrier nor a transport gas is required and hence, loss of input energy is 

minimized. Secondary, the biomass-to-oil (BTO) process accepts standard wood chips or chopped 

straw. This means that no grinding or milling is required unlike the fluidized bed reactors and thus, 

operating cost is minimized. The bio-oil yield obtained using the ablative pyrolyser was 60 wt. %.  

 

5.4  Vacuum Reactor 

Vacuum reactor is not a true fast pyrolysis process as it has a high residence time and lower heat 

transfer rate compared to other reactors used in fast pyrolysis. The slow heating rate gives rise to 

a lower bio-oil yield (35-45%). It does not require carrier gas and large particle size of biomass 

can be processed. Operating at a vacuum requires special solids feeding and discharging devices 

to maintain a good seal at all times (Venderbosch and Prins, 2010). The advantages include the 

bio-oil produced is very clean with no or little char compared to that produced using fluid bed 

technologies and it can use larger feed particles (2-5 cm) than fluidized bed processes. The major 

drawback is the high moisture content present in the bio-oil which has the tendency of reducing 

the heating values during combustion and could also, cause phase separation during storage (Lu, 

et al., 2009). Vacuum pyrolysis reactor has been successfully scaled up to 3000 kg/hr in 2000, but 

due to lack of market for bio-oil, it was abandoned in 2002 (Venderbosch and Prins, 2010).   

 

5.5  Rotary Cone Pyrolysis Reactor 

This reactor is similar to the circulating fluidized bed reactor in the sense that it allows the mixture 

of hot sand and biomass to enhance the thermal pyrolysis reaction. The difference is that the former 

uses centrifugal force resulting from a rotary cone in transport while the later uses carrier gas. The 

biomass feed and sand are introduced at the base of the cone while spinning causes centrifugal 

force to move the solids upward to the lip of the cone. As the solids spill over the lip of the cone, 

pyrolysis vapours are directed to a condenser. The char and sand are sent to a combustor where 

the sand gets re-heated before it is reintroduced at the base of the cone with the fresh biomass feed  
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Table 3.  Advantages, disadvantages and bio-oil yield of different pyrolysis reactors (PYTEC, 

2005; Boulard, 2002; Fernandez and Menendez, 2011; Zhao et al., 2001; Ren, et al., 2012) 

Reactor type Advantages Disadvantages Oil 

yield 

(%) 

Fixed bed  1.Simple design 

2. Reliable 

3. Biomass size 

independent 

1. Long solid residence time 

2. Different to remove char 

35 - 50 

Bubbling fluidized bed 1.Simple design 

2. Easy operation 

3. Suitable for large scale 

1. Small particle sizes are     

    Needed 

70-75 

Circulating fluidized 

bed 

1.Well-understood    

    technology 

2. Good control 

3. Large particle sizes can  

    be used 

1.Suitable for small scale 

2. Complex hydrodynamics 

3. Char is finer 

70-75 

Rotating cone 1.No carrier gas required 

2. Less wear 

1. Complex process 

2. Small particle 

3. Small scale 

65 

Vacuum 1.Produces clean oil 

2.Can process larger 

particles of 

    3-5 cm  

3. No carrier gas required 

4. Lower temperature 

required 

5. Easier liquid 

condensation 

1. slow process 

2. solid residence time is too 

high 

3. Required large scale 

equipment 

4. Poor heat and mass 

transfer rate 

5. Generates more water 

35-50 

Ablative 1.Inert gas is not required 

2. Large particle sizes can 

be  

Processed 

1.Reactor is costly 

2. Low reaction rate 

 

70 

Auger 1.Compact 

2. No carrier gas is required 

3. Lower process 

temperature 

1. Moving parts in hot zone 

2. Heat transfer is suitable 

for  

     small scale 

30-50 

PyRos 1.Compact and low cost 

2. High heat transfer 

3. Short gas residence time 

1. Complex design 

2. High impurities in the oil 

3. High temperature is 

required 

70-75 

Plasma 1.High energy density 

2. High heat transfer 

3. High temperature 

4. Very good control 

1. High electrical power  

     consumption 

2.High operating costs 

3. Small particle sizes is 

required 

30-40 
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Microwave 1.Compact 

2.High heating rate 

3.Large size biomass can be  

   processed 

4. Uniform temperature  

    distribution 

5. High temperature 

 

1.High electrical power  

    consumption 

2. High operating costs 

60-70 

Solar 1.Use renewable energy 

2. High heating rate 

3. High temperature 

1. High costs 

2. Weather dependent 

40-60 

 

Table 4. Organic chemicals in the Bio-oil 

S/N  Chemical Molecular formula 

1. 9,9-bis[4-(4-nitrophenoxy)phenyl] fluorine C37H24N206 

2. 1,2-benzenediol C6H602 

3. 2,6-dimethoxy-phenol C8H1003 

4. Vanillin C8H803 

5. 1,2,4-trimethoxybenzene C9H1203 

6. 41-hydroxy-31-methoxy-acetophenone C9H1003 

7. 4,7-dimethyl-5-decyne-4,7-diol C12H2202 

8. 1,2,3-trimethoxy-5-methyl-benzene C10H1403 

9. Butylated hydroxytoluene C15H240 

10. 2,6-dimethoxy-4-[2-propenyl]-phenol C11H1403 

11. 4-hydroxy-3,5-dimethoxy-benzaldehyde C9H1004 

13. 41-hydroxy-31,51-dimethoxy-acetophenone C10H1204 

14. 1-[2,4,6-trihydroxyphenyl]-2-pentanone C11H14O4 

 

Table 5. Typical properties of wood Pyrolysis Bio-oil and Heavy Fuel oil (Czernik and 

Bridgwater, 2004)                                 

Property                                   Bio-oil                    Heavy fuel oil 

Moisture content (wt %)  15-30 0.1 

pH 2.5  

Specific gravity 1.2 0.94  

Elemental composition (wt%)    

C  54-58  85 

H 5.5-7.0 11 

O  35-40  1.0  

N 0-0.2 0.3 

ash  0-0.2   0.1  

HHV (MJ/kg) 16-19 40  

Viscosity, at 500oC (cP)  40-100 180 

 Solids (wt %)  0.2-1.0 1 

distillation residue (wt %) up to 50 1 
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Table 6; Typical Properties of Bio-oil, compared to those of light and Heavy Fuel oil 

(http://dynamotive.com) 

Bio Therm Property              Light  bio-oil             Heavy fuel oil                     Physical fuel oil         

heat of combustion    

BTU/lb  7100 18200 17600 

MJ/L 19.5 36.9 39.4 

viscosity (centistokes)    

at 50oC  7  4  50 

at 80oC  4  2  41 

ash content (wt %) < 0.02 < 0.01 0.03 

sulfur content (wt %)  Trace 0.15-0.5 0.5-3 

nitrogen content (wt %) Trace 0 0.3 

pour point (oC)  -33 -15  -18 

turbine emissions (g/MJ)    

NOx < 0.7  1.4 N/A 

SOx 0  0.28  N/A 

 

(Ringer et al., 2006). The design has a yield of 70% bio-oil. It does not require the use of carrier 

gas and this makes the bio-oil product recovery easier. Some of the disadvantages are: scale-up is 

very difficult and the entire system is complex, as it requires equipment, such as rotating cone, a 

bubbling bed for char combustion, and pneumatic transport of sand back to the reactor.  

 

6.  Bio-oil Properties 

The complexity of the components of bio-oil leads to the difficulty in its analysis and 

characterization (Wildschut, 2009). Usually, gas chromatography-mass spectrometry (GC-MS) is 

the equipment used to analyze the composition of the bio-oil (Sipila et al., 1998). Apart from 

oxygen, water and acids mentioned above, bio-oil contains so many other chemicals some of which 

are presented by Chen et al. (2006) and listed in Table 4. 

 

The physiochemical properties of the bio-oil are different from conventional fossil fuels. These 

physiochemical properties include appearance, odour, heating value, moisture content, oxygen 

content, density, viscosity, distillation, aging and components (See Tables 5 and 6).  

 

These require consideration before any application, storage, transport, upgrading or utilization is 

attempted. 

  

a. Odour 

Bio-oil has an acrid smoky smell which has the tendency of irritating the eyes on prolong exposure.  

 

b. Density 

The density of bio-oil is larger than that of light fuel oil. The reason is that the bio-oil contents a 

high per cent of water molecule and macromolecule, such as cellulose, hemicelluloses, oligomeric 

phenolic compounds (Oasmaa and Czernik, 1999). The density of bio-oil at 150C can be measured 

using pycnometer and ASTM D 4052 (Sipila et al., 1998) 

 

c. Aging of bio-oil 
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Bio-oil has the ability to undergo changes in chemical composition during storage or handling. 

This is because it contains some compounds which can react with themselves to form larger 

molecules, resulting in an increase in the viscosity and/or water content of the bio-oil. The aging 

rate depends exponentially on the temperature of the bio-oil during storage, bio-oil composition, 

pyrolysis condition, efficiency of solid removal and the liquid recovery system (Oasmaa and 

Czernik,1999). 

 

d. pH 

Bio-oil contains some amount of organic acids, such as acetic and formic acids. This however, 

lowers the acidity of the bio-oil to about 2.5 (Table 5). The presence of acids in the bio-oil makes 

it to be corrosive to some common construction materials, like carbon steel and aluminum. It can 

also affect some sealing materials (Czernik and Bridgwater, 2004; Oasmaa and Czernik, 1999; 

Soltes and Lin, 1984). Therefore, there is need for upgrading in order to meet the standard of fuels 

before application. 

 

e. Heating value 

Heating value is the standard measurement for the energy content of fuel. It is divided into lower 

heating value (LHV) and higher heating value (HHV), depending on the water produced through 

hydrogen in vapour or liquid phase. It can be determined by using oxygen-bomb colorimeter 

method (Demirbas, 2009). The heating value of bio-oil is usually lower than that of conventional 

fossil oil, due to the high percentage of water and oxygen contents see Table 5.  

 

f. Oxygen content 

The properties of wood derived crude bio-oil differ significantly from that of conventional fossil 

fuel derived fuel oil. As can be seen from Table 5, oxygen ranges from 35-40%.  This high oxygen 

content in the bio-oil is the primary reason for the difference between hydrocarbon fuels and bio-

oil (Demirbas, 2006). Due to the high oxygen content, the heating value of bio-oil is 40-45% of 

that for fossil fuels. Also, the  bio-oil tends to be polar like water and as a result of that it is 

immiscible in hydrocarbon liquids. The high oxygen content of bio-oil gives it its high viscosity,  

low energy density, corrosiveness, and thermal instability (Elliott et al., 2009). However, in order 

to improve the quality of bio-oil, it is imperative among other things to reduce its  oxygen. This 

can be done through hydrodeoxygenation (HDO) and catalytic hydrotreatment reaction, which has 

the tendency of reducing the oxygen content to less than 10 wt% under severe conditions 

(Wildschut et al., 2009). The elemental compositions of the bio-oil (C, H, O and N), can be 

determined by using CHN-S analyzer,  according to ASTM D 5373-93.  The oxygen content will 

be calculated by the difference (Wildschut, et al., 2009).   

 

g. Moisture content 

The moisture in the bio-oil emanates from water content of the biomass prior to  pyrolysis. From 

Table 5, it is about 15-30%. One of the advantages of high moisture content in the bio-oil is that it 

has the ability to reduce the viscosity of the bio-oil and hence, improve its flow characteristics 

(Czernik and Bridgwater, 2004; Oasmaa and Czernik, 1999; Lu et al., 2009). Another advantage 

is that it facilitates the atomization of  the bio-oil, when used in combustion (Lu, et al., 2009). On 

the other hand, the disadvantage of the high moisture content in the bio-oil is that it lessens the 

heating values in combustion and may cause phase separation during storage (Lu, et al., 2009). In 

order to reduce the moisture contents, it is required that the process of production be optimized 
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with respect to the intending application of the bio-oil. The moisture content in the bio-oil can be 

determined by Karl-Fischer titration, using ASTM D1744 (Sipila et al., 1998). 

 

h. Ash content 

The presence of ash in bio-oil can cause erosion, corrosion and kicking problems in the engines 

and valves (Zhang et al., 2007). The ash content, according Czernik and Bridgwater (2004) is 

usually is 0-0.2 for wood pyrolysis oil (Table 4).  It can be determined according to ASTM D 482 

 

7.  Conclusion 

Bio-oil can be produced from the fast pyrolysis of biomass. The bio-oil has the advantages of being 

a storable and transportable fuel and it is a source of chemicals. It has been successfully tested for 

use in boiler, diesel engine and gas turbine. Fluid bed reactor has been identified as the most 

preferred type of reactor due to its ease of operation and scale-up. Nigeria has a great potential for 

the various kinds of biomass, such as saw dust, agricultural residue, wood crop and municipal 

waste. Saw dust has been identified as a biomass with the highest yield of bio-oil. 
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