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Abstract 

The modern power system is experiencing an unprecedented rise in the integration of renewable 

variable generation (VG) sources. Increased use of converter-based VG sources to replace 

conventional Synchronous Generators (SGs) presents new challenges to grid operators in terms of 

dynamic frequency stability and regulation. Reducing the number of SGs while increasing non-

synchronous, inertia-less VG penetration reduces the grid's natural inertia, which is critical for 

frequency stability. Frequency regulation for low inertia power grids has largely been addressed 

in literature by recommending a minimum level of inertia to be maintained or by providing 

additional virtual inertia via energy storage systems. However, inertia fortification is not the only 

solution to addressing the low inertia problem. Since SGs provide essential ancillary services to 

the grid such as frequency support, it is imperative that researchers explore the viability of VG to 

provide these services. Investigating alternative frequency regulation strategies, beyond inertia-

based solutions, is essential for ensuring the stability and resilience of future low-inertia power 

grids. In this regard, this paper investigates the viability of deployment of VG as a fast frequency 

response (FFR) source to better post contingency frequency dynamics for low inertia power grids. 

VG sources can be operated in deloaded mode to provide a reserve margin that can rapidly be 

deployed to meet power imbalances in case of a contingency leveraging on the agility of power 

electronic based converters.  The proposed strategy was applied to a modified IEEE 39 bus system. 

The results demonstrate that deployment of FFR from VG sources improves power system 

frequency response and allows uptake of more VG sources without concerns on inertia levels. The 

best frequency response performance was at 30% VG penetration that improved frequency nadir 

and the rate of change of frequency (RoCoF) by 0.14% and 7.04% respectively. The output of this 

work provides insights into a frequency regulation strategy that is sensitive to the needs of the 

modern power system. 

Keywords: Deloaded Mode, Fast Frequency Response, Frequency stability, Inertia, and Variable 

Generation.  
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1. Introduction 

In the wake of escalating climate change impacts, globally, power grids are embracing the energy 

transition to renewable energy to reduce greenhouse gas emissions (GHG). The transition has been 

characterized by a fair share of renewable variable generation (VG) sources such as wind and solar 

photovoltaics technologies [1]. According to an International Renewable Energy Agency (IRENA) 

report on energy statistics, for the year 2020 alone, 111 GW of wind and 127 GW of solar 

installations were completed globally representing 50% of renewable energy capacity installed for 

that particular year [2]. As benign and sustainable generation technologies gain traction, it is 

expected that VG sources will make a significant contribution in future power grids [3]. 

However, increased uptake of VG sources into modern power grids presents new challenges for 

grid operators, particularly in managing dynamic post-contingency frequency response, which can 

potentially undermine frequency stability [4]. This is because higher penetration of VG into power 

grids reduces grid inertia, as VG sources are connected to the grid via power electronic converters 

that decouples them limiting their ability to contribute to inertia. Also, VG sources such as solar 

photovoltaic power plants (SPVPPs) lack any rotating parts in their inherent operation hence 

inertia-less in nature [5]. Grid inertia is predominantly provided by the rotating masses of 

conventional synchronous generators (SGs) and assists in resisting changes in system frequency. 

SGs typically provide an inertial response by naturally dissipating or absorbing the kinetic energy 

stored in their large rotating masses, assisting in frequency regulation in the event of a power 

imbalance for a short time before governor action kicks in to provide active power support [6], [7], 

[8]. Therefore, increased adoption of VG sources replacing SGs denies the power of this critical 

ancillary service resulting in a frequency control problem. Decreased inertia makes the power 

system more dynamic, less resilient and hence more susceptible to large frequency changes even 

with smaller disturbances [9]. Further, decreased inertia shortens the period allowable to respond 

to a power imbalance which drives the need for a fast-acting frequency response service for low 

inertia power grids to maintain frequency stability [10]. 

As power grids ramp-up the installed capacity of VG, it is critical that researchers investigate the 

ability of VG to provide ancillary energy balance services in the short term to improve frequency 

regulation in inertia-deficient grids. A plethora of solutions to address the frequency control 
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problem caused by to low inertia have been presented in literature. For instance, power system 

purists in literature have argued on the need to maintain a certain critical level of inertia to ensure 

frequency stability which serves as a limiting factor to integrating more VG sources [11]- [13]. 

Other researchers in [14]- [16]  have suggested alternative ways of providing additional inertia to 

fortify inertia deficient grids of this critical resource. This type of inertia has been christened as 

synthetic/virtual/emulated inertia provided through a virtual synchronous generator (VSG) using 

power electronic devices that mimics the natural inertial response from SGs. The VSG has 

primarily been powered by various energy storage system (ESS) technologies including batteries, 

super-capacitors or hybrids. Alternatively, VG sources can be operated below their maximum 

power point (deloaded mode) to have a reserve margin or in conjunction with ESS to provide a 

fast-acting frequency response service know as fast frequency response (FFR) [10], [17], [18]. 

FFR is the rapid increase in active power by a VG source operating in deloaded mode or an ESS, 

proportional to the RoCoF and frequency deviation after a contingency. It leverages its rapidness 

to respond to a power imbalance to the agility of power electronic devices [17]. 

From the reviewed literature, little effort has been made to quantify the absolute performance of 

FFR action from VG without assistance of other frequency regulation mechanisms such as 

loadshedding. This paper seeks to provide interpretation of the dynamic performance of FFR 

support in frequency regulation from SPVPP as a VG source which has largely been merely 

observed in existing literature without providing justification.  

2. System Modelling 

SPV systems are made up of photovoltaic modules that function similarly to p-n junctions when 

illuminated. When exposed to light, carriers are formed, producing a current proportional to the 

incident radiation. A single PV module is made up of several solar cells, which serve as the 

module's basic building blocks and have a voltage rating of 0.5V. PV modules were connected in 

series and parallel to increase voltage and current, respectively. The voltage of a photovoltaic 

system determines its output power. In the conventional SPV system operation at maximum power 

point tracking (MPPT) mode, the system generates a maximum power output  𝑃𝑚𝑝𝑝 operating at a 

voltage 𝑉𝑚𝑝𝑝 .The 𝑉𝑚𝑝𝑝 is given by (1) [18] 
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𝑉𝑚𝑝𝑝 = 𝑉𝑚𝑝𝑜 ×
𝑙𝑛(𝐺)

𝑙𝑛(𝐺𝑆𝑇𝐶)
× {1 + 𝑇𝐶𝐹_𝑉(𝑇 − 𝑇𝑆𝑇𝐶)}                        (1) 

Where (𝐺) is the irradiance, 𝑉𝑚𝑝𝑝𝑜 is the PV module value provided by the manufacturer, (𝑇) is 

module temperature and 𝑇𝐶𝐹_𝑣 is the voltage temperature correlation coefficient. In addition, 𝐺𝑆𝑇𝐶 

and 𝑇𝑆𝑇𝐶 denote the standard testing conditions for irradiance and temperature respectively. 

In contrast, the output current of an SPV module was determined by (2) [19]. 

𝐼𝑃𝑉 = 𝑛𝑝𝐼𝑆𝐶 − 𝑛𝑝𝐼𝑠 (𝑒
𝑞𝑉𝐷𝐶
𝑘𝑇𝐴𝑛𝑠 − 1)                                                           (2) 

where 𝑛𝑝- number of cells in parallel, 𝑛𝑠- number of cells arranged series. Furthermore, 

𝐼𝑆𝐶 , 𝐼𝑠, 𝑘, 𝑇, 𝐴 𝑎𝑛𝑑 𝑉𝐷𝐶 denote cell short circuit current (in A), cell saturation current (in A), 

Boltzmann’s constant [1.3806503 × 10−23 𝐽/𝐾], Temperature (in K), Ideality factor and dc 

output voltage (in V) respectively. The cell short circuit-𝐼𝑆𝐶  is given by (3). 

𝐼𝑆𝐶 =
𝐺 × 𝐼𝑆𝐶(𝑆𝑇𝐶)

𝐺𝑆𝑇𝐶
{1 + 𝑇𝐶𝐹_𝐼(𝑇 − 𝑇𝑆𝑇𝐶)}                                                    (3) 

where 𝐼𝑆𝐶(𝑆𝑇𝐶) represents the short circuit current under standard test conditions. 𝐼𝑆𝐶   is mainly 

affected by temperature- 𝑇 and irradiance- 𝐺 (𝑊/𝑚2)  and Current Temperature correlation 

factor- (𝑇𝐶𝐹_𝑰) as expressed in (3) 

The MPPT operation mode for SPVPPs ensures the generation of maximum low-cost power; 

however, it does not maintain any reserve capacity. However, SPVPPs can be configured to 

operate away from their optimal point, resulting in a reserve margin that can be quickly deployed 

with the help of auxiliary control strategy on the inverter side for frequency support much like 

legacy SGs. This operation mode of VG sources is referred to as Deloaded mode.  In this mode, 

the SPVPP acts as a source of FFR because it can instantly surge active power to the grid in 

response to a frequency event to reduce the power imbalance [17]. 

DIgSILENT PowerFactory was used to develop a dynamic model for the SPVPP as well as carry 

out dynamic simulations to test and validate the model performance. The FFR action from SPVPP 

was modelled to mimic the primary frequency response from SGs with significantly reduced delay 

time, allowing the fast-acting frequency support to operate partially in the inertial response phase 
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hence participate in reducing the initial RoCoF. To enable the deloaded operation mode in SPVPP, 

the inverter's control strategy must be modified. In the conventional operation of the SPVPP 

(MPPT mode), the converter generates maximum power- 𝑃𝑚𝑝𝑝 when operating at a voltage- 𝑉𝑚𝑝𝑝 

as shown in figure 1.   

Figure 1: Deloaded SPVPP operation 

The output power of the SPVPP is determined by the operating voltage selected on the DC side. 

Therefore, to achieve deloading operation and create a reserve margin- 𝑃𝑑𝑒𝑙𝑜𝑎𝑑 the converter is 

configured to operate at a higher voltage- 𝑉𝑟𝑒𝑑 𝑜𝑟 𝑉𝑚𝑝𝑝 + 𝑉𝑑𝑒𝑙𝑜𝑎𝑑 greater than 𝑉𝑚𝑝𝑝 generating a 

corresponding reduced power output of -𝑃𝑟𝑒𝑑. A greater voltage than 𝑉𝑚𝑝𝑝 is preferred to operating 

at a lower voltage to ensure stability. 

In case of a frequency contingency, a signal proportional to the frequency deviation (∆𝑓) is used 

to reduce the operating voltage- 𝑉𝑟𝑒𝑑 to a new voltage- 𝑉𝑑_𝑛𝑒𝑤 that is close to the maximum power 

operating voltage- 𝑉𝑚𝑝𝑝 thereby ramping up the output power to a new value of- 𝑃𝑑_𝑛𝑒𝑤 to reduce 

the power imbalance. The new operating voltage after an underfrequency event- 𝑉𝑑_𝑛𝑒𝑤 is given 

by (4) [20]. 

𝑉𝑑_𝑛𝑒𝑤 = 𝑉𝑟𝑒𝑑 − 𝐾𝑔∆𝑓 = 𝑉𝑚𝑝𝑝 + 𝑉𝑑𝑒𝑙𝑜𝑎𝑑 − 𝐾𝑔∆𝑓                                                     (4)  

Where 𝐾𝑔 denotes the proportional gain constant. 
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Figure 2 depicts the DIgSILENT Simulation Language (DSL)-based active power controller that 

implements this frequency regulation strategy. DSL is a highly specialised tool available in 

PowerFactory for accurately modelling dynamic behaviour of power system such as transient 

responses, oscillations and interactions between system components [21]. A decrease in system 

frequency due to power imbalance causes the converter operating voltage- 𝑉𝑟𝑒𝑑  to fall towards 

𝑉𝑚𝑝𝑝, rapidly increasing active power output of the SPVPP (with potential to reach 𝑃𝑚𝑝𝑝 ) in 

response to the frequency event. In this case, the SPVPP closely resembles the SG’s primary 

frequency response without turbine delay. 

 

Figure 2: Active power controller for a deloaded SPVPP 

According to the active power controller depicted in figure 2, the actual system frequency is 

measured using a frequency measuring available in PowerFactory (ElmPhi_pll) and compared to 

the nominal frequency which is the reference to determine the frequency deviation- ∆𝑓 which is 

used to generate a signal that determines the operating voltage of the SPVPP array. After the 

summer, the limiter ensures the operating voltage is withing the prescribed limits 

𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑉𝑚𝑎𝑥 𝑎𝑛𝑑 𝑉𝑚𝑝𝑝 to guarantee stability where 𝑉𝑚𝑎𝑥 is the maximum possible operating 

voltage of the DC side of the converter. The signal is then passed through a lowpass filter to 

eliminate high frequency noise signals. The PI controller is used to generate a signal (𝑖𝑑𝑟𝑒𝑓) to the 

converter that determines the active power output. The PI controller was chosen because of its 

ability to regulate DC signals without introducing steady-state error. RoCoF and 𝑓𝑛𝑎𝑑𝑖𝑟 were the 

critical frequency stability metrics used to assess performance of FFR action from deloaded 

SPVPP after a frequency event. 
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3. Case Study 

3.1 Simulation setup 

3.1.1 Test system model  

The modified IEEE 39-bus New England System, shown in Figure 3, was used to test and validate 

the dynamic model of the SPVPP in deloaded mode as it is widely used in literature for this purpose 

[22]. The system was also used to investigate frequency stability analysis through time domain 

simulations that included SPVPP. This test system has a high inertia, making it ideal for 

investigating frequency stability in the short term. Also, it consists standard dynamic control 

models of SGs that have been iteratively validated and refined through previous studies ensuring 

accuracy of their dynamic response behaviour [23]. The test system inherently consists of 10 

generators operating at a frequency of 60 Hz with a base MVA of 100 and 19 load buses with a 

cumulative demand of 6,097.1 MW. The performance of the modelled dynamic SPVPP was 

analysed by carryout time domain simulation in DIgSILENT PowerFactory considering outage of 

generator G 09 (largest and most loaded generator) as the worst disturbance. RoCoF and 𝑓𝑛𝑎𝑑𝑖𝑟 

were the critical frequency stability metrics used to assess performance of FFR action from 

deloaded SPVPP after a frequency event. 

 

Figure 3: Single line diagram for the modified IEEE 39 bus system 
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3.1.2 SPV Penetration 

To achieve varying levels of SPV penetration, the SGs on buses 35, 36, and 37 were replaced 

sequentially with SPVPP with the same power output and rated capacity. As shown in Table 1, 

this accounted for approximately 10%, 20%, and 30% of SPV penetration.  

Table 1: Total system Inertia constant with increasing SPV penetration 

SPV 

Penetration 

(%) 

SPV Generation 

(MW) 

Conventional 

Generation (MW) 

Total System inertia 

Constant- H (s)  

 

0 0 6145.25 40.954  

10 595 5550.25 37.183  

20 1275 4870.25 32.833  

30 1870 4275.25 29.362  

3.1.3 Simulation Procedure 

The steps taken in applying the proposed frequency regulation strategy to the IEEE 39 bus test 

system are summarised below: 

1. The IEEE 39 bus test system model with controllers (governor, AVR) was activated in 

PowerFactory. Individual generator output limits are captured. Load flow was performed 

to verify the system was properly assembled. Dynamic simulation was executed without 

any event and the frequency monitored to verify generator controllers were soundly 

operational. 

2. In step 2, with outage of Generator G 09 set as the disturbance (after 10 seconds) a dynamic 

simulation was executed for 120 seconds and a frequency response plot extracted. This 

scenario was at 0% SPV penetration. 

3. After resetting the model to initial conditions, a dynamic model of SPVPP of the same 

capacity and operation limits replaced the SG at bus 36 (G 07) representing approximately 

10% SPV penetration in the model. Dynamic simulation was executed for a period of 120 

seconds considering the event described in step 2 above and a frequency plot extracted. 
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4. Furthermore, SGs at Bus 35 and 37 were replaced with deloaded SPVPPs of similar 

capacity and operational limits representing 20% and 30% SPV penetration scenario 

respectively. Step 3 was then repeated for these scenarios as well. 

3.2 Simulation Results and Discussion 

3.2.1 Frequency Response for Static SPV 

Figure 4 depicts the power system frequency response to a generator outage with increased 

penetration of SPV lacking fast frequency response capability (static SPV). 

 

Figure 4: Frequency response with increased penetration of Static SPVPPs 

According to the results in figure 4, the scenario without SPV penetration (0% SPV pen) posted 

the best frequency response performance. As the grid's adoption of static SPVPP increased, the 

frequency response performance of the power system deteriorated. The frequency stability indices 

for each study case were calculated and summarised in Table 2. 
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Table 2: Frequency stability metrics with static SPVPP penetration 

Static SPV penetration 

level 

Total System Inertia 

Constant- H (s) 

Frequency nadir-fnadir 

(Hz) 

RoCoF 

(Hz/s) 

0%  40.954 57.16 0.09905 

10% 37.183 56.88 0.1012 

20% 32.833 56.67 0.1193 

30% 29.362 56.34 0.1307 

Table 2 shows that with 0% SPV penetration, the highest 𝑓_𝑛𝑎𝑑𝑖𝑟 point and of 57.16 Hz and the 

slowest RoCoF of 0.09905 Hz/s were recorded. The rotating mass of SGs provides high levels of 

aggregate system average inertia, which accounts for the improved frequency response. At 30% 

SPV, the system has the poorest frequency response performance with the lowest 𝑓_𝑛𝑎𝑑𝑖𝑟 of 56.34 

Hz and the fastest RoCoF of 0.1307 Hz/s representing a 1.44% drop and 31.95% increased 

respectively taking 0% SPV penetration as the base case.  Increased uptake of static SPVPPs (with 

a constant output) reduces grid inertia which is critical in initially resisting changes in frequency 

after an event hence, a poor power system frequency response as provided for in (5).  

𝑅𝑜𝐶𝑜𝐹 =
𝑑𝑓

𝑑𝑡
=
𝑓0
2
×
∆𝑃

𝐻𝑠𝑦𝑠
                                                                                             (5) 

Where 𝑓0- denotes the nominal frequency, ∆𝑃- denotes the magnitude of the power imbalance and 

𝐻𝑠𝑦𝑠 represents the total system inertia constant. 

Figure 5 and 6 depict SG governor action in ramping up turbine and active power respectively by 

all remaining committed generators to reduce the power imbalance and better post contingency 

frequency response with 0% SPV penetration scenario. 
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Figure 5: Turbine power dynamics with Gen 09 outage 

 

Fig. 6 Generator Electrical power dynamics with Gen 09 outage 
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However increasing SPV penetration without FFR capability deteriorates frequency response since 

the power output from the SPVPP remains almost constant as depicted in figure 7 for 10% SPV 

penetration after an underfrequency event hence providing no active power support to improve the 

frequency response. The brief initial dip in the output of a SPVPP is attributed to its lack of inertia, 

the dynamics of its inverter control system and potentially a temporary activation of the protection 

mechanisms during transient disturbances. During grid disturbances, the MPPT algorithm may 

require a short period to adjust to the new operating conditions, leading to a temporary dip in power 

output. Once this adjustment is complete, the SPVPP stabilizes its output, resynchronizes with the 

grid and resumes normal operation. This behaviour underscores the fundamental differences 

between the responses of SGs and SPVPPs to grid disturbances. 

 

Fig. 7: Active power response of SPVPP vs SG 

3.2.2 Frequency Response for SPV penetration with FFR capability 

Figure 8 shows the power system frequency response to a generator Gen 09 outage with different 

penetration levels of deloaded SPVPP, which is dynamic and enabled respond to power imbalances 

during a frequency event hence provide frequency support. In this case, the operating point of the 

deloaded SPVPP was the same as that of the replaced SG, which determined its deloading level. 
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Fig. 8: Frequency Response with increased penetration of Deloaded SPVPP 

As the percentage penetration of deloaded SPV increases, the power system frequency response 

dynamics decently improve as well. The best frequency response performance was recorded at 

30% SPV penetration characterised by the highest 𝑓𝑛𝑎𝑑𝑖𝑟 of 57.40 Hz and the slowest RoCoF of 

0.0884 Hz/s representing a 0.41% increase and 7.04% reduction respectively taking 0% SPV as 

the base case. The is because at 30% SPV penetration had the largest magnitude of FFR capacity 

compared to other scenarios. The frequency stability indices for each study case shown in table 3. 

Table 3: Frequency stability metrics with Deloaded SPVPP penetration 

Deloaded SPV 

penetration level 

Average 

Inertia 

Constant- 

H (s) 

Frequency 

nadir (Hz) 

RoCoF 

(Hz/s) 

Deloading 

level (%) 

Deloading 

capacity 

(MW) 

0%  40.954 57.16 0.09509 - - 

10%  37.183 57.12 0.1001 5.88 35 

20%  32.833 57.32 0.09469 5.46 65 

30%  29.362 57.40 0.0884 6.42 120 
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Deloaded SPVPPs can rapidly ramp up active power to respond to power imbalances faster 

compared to SGs leveraging on the agility of power electronic converters as depicted in figure 9 

to arrest frequency decline. Figure 9 compares the active power response to the outage of generator 

G09 for SG-G07 at bus 36 (0% SPV penetration) and for a static and deloaded SPVPP of 

equivalent capacity representing 10% SPV penetration. Both the SG and deloaded SPVPP 

demonstrate the ability to increase active power output during a disturbance to support frequency, 

while the static SPVPP maintains a nearly constant output, showing no response to frequency 

changes.  

Fig. 9: Active Power response to a generator outage 

The operating voltage (𝑉𝑑𝑐𝑖𝑛) on the DC side of the converter reduces towards the maximum 

power point voltage- 𝑉𝑑𝑐𝑟𝑒𝑓 to ramp up power of the deloaded SPVPP through the FFR action 

mechanism as shown in figure 10. 
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Fig. 10: Deloaded SPVPP operating voltage changes to a frequency event 

The FFR action of deloaded SPVPPs enables power system operators to increase penetration levels 

without regard for the power system's average inertia. According to the findings, for FFR from 

deloaded SPVPPs to be effective in frequency control, it must be faster in response, larger in 

magnitude, and sustained over time.  

4. Conclusion 

This paper explores the technical viability of deploying SPVPPs as FFR sources to better post 

contingency frequency response for low inertia power grids for under-frequency disturbances such 

as major generator outage. This research established that, to better support frequency response, the 

FFR action from SPVPPs needed to be faster, larger with the possibility of being sustained for 

longer period. This frequency regulation strategy provides an avenue for enriching power grids 

with VG with little worry about inertia and frequency instability. Future work will investigate 

approaches to optimize the deloading level of SPVPP to avoid unnecessary power curtailment and 

ensure a minimum deloading level kept. 
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Abstract 

The subgrade is the foundation upon which pavement structures are built. Its strength, as measured 

by parameters like CBR, directly influences the performance and durability of pavements. The 

California Bearing Ratio (CBR) is a key indicator of subgrade strength used in pavement design. 

Kenya's Road Design Manual Volume 3 classifies subgrades from S1 to S6, with median CBR 

values ranging from 3.5 to 45. However, traditional CBR testing is invasive and time-consuming, 

prompting interest in faster, non-destructive methods like the Falling Weight Deflectometer 

(FWD). FWD allows in-situ evaluation of pavement stiffness using surface deflections, making it 

suitable for large-scale assessments. Accurate CBR prediction from FWD data requires thorough 

subgrade characterization, including physical and mechanical properties. Poorly characterized 

subgrades can lead to early pavement failure, making proper evaluation essential for long-term 

performance. This paper seeks to first classify the soils in preparation for development of 

predictive models. 18 road sections, covering various regions in Kenya, were selected purposively 

from past pavement evaluation data base. Analysis was done on the samples from trench logs and 

laboratory test results. Soils from the selected road sections were characterized and classified using 

Unified Classification System (UCS). The average Plasticity Index for samples from all the road 
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section ranged from 7 to 23%, the OMC values were 12 to 27% and the MDD 1250 to 1821 Kg/m3. 

The average CBR for each road section ranged from 5% to 31%.  

The study found that most road sections had multiple soil types with lean clay (CL) being the 

predominant soil class at 34% of the samples, followed by elastic silt (MH) at 33% and Silt with 

sand (ML) at 22%.  

Keywords: Unified Classification System, Falling Weight Deflectometer, California Bearing 

Ratio, Sub-grade. 

1. Introduction 

The California Bearing Ratio (CBR) is a widely used measure of subgrade strength properties in 

pavement design and evaluation. The new Road Design Manual Volume 3 specifies the subgrade 

strength in terms of CBR and provides a range of subgrade classes from S1 to S6 with the median 

CBR ranging from 3.5 to 45 (G.O.K, 2025). However, due to the time-consuming and invasive 

nature of CBR tests, there has been growing interest in using non-destructive techniques, especially 

Falling Weight Deflectometer (FWD) testing, to predict CBR through empirical or machine 

learning models. Accurate prediction of CBR from FWD deflection data depends significantly on 

proper characterization of subgrade soils. 

CBR remains a key input in empirical and mechanistic pavement design methods. However, 

laboratory CBR testing involves sample collection, soaking, compaction, and testing, making it 

unsuitable for rapid, large-scale field evaluations (George et al., 2010). In contrast, FWD testing 

allows for rapid in-situ assessment of pavement and subgrade stiffness through surface deflection 

measurements under dynamic loading. 

Proper characterization of subgrade is essential for predicting its behavior under load and for 

designing appropriate improvement measures where necessary. Subgrade characterization 

typically involves the evaluation of physical, mechanical, and sometimes chemical properties of 

the in-situ soils. According to Rahman et al. (2011), poor subgrade conditions are among the 

leading causes of premature pavement failure. As such, understanding the properties of subgrade 

materials is crucial for ensuring structural adequacy and longevity of transportation infrastructure. 
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2. Study Sites 

18 road sections, covering various regions in Kenya, were selected purposively from past 

pavement evaluation data base. Purposive sampling was preferred due to availability of data. The 

study site locations are indicated in Figure 1. 

 

Figure 1: Map of Kenya showing the locations of the study sites 
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3. Materials Used  

The study utilized data from trenching logs, Laboratory results and Construction data. Subgrade 

materials had been extracted from 1m by 1m by approximately 1.5m deep trenches dug on the road 

shoulders and the samples were delivered in sealed sampling bags to the laboratory. CBR was then 

obtained by considering the maximum dry density and optimum moisture content determined from 

the Proctor test (Mugai et al., 2020). After the samples were extracted, the trenches were covered 

using nearby materials which were compacted in layers using a vibrating hammer. The top surface 

was protected using concrete. 

4. Methodology 

4.1. Sample Preparation  

The soil samples were sufficiently dried to laboratory moisture conditions then sieved using a 5 

mm sieve. To obtain a sample for sieve analysis, a riffle box was used where quartering of the 

sample was done. 

4.2. Index Properties 

Several parameters like grain size distribution, Atterberg limits, and moisture content were 

considered in identifying the soil type and its likely engineering behavior which is in accordance 

with Das (2016). These were important parameters in classifying soils under Unified Soil 

Classification System (USCS). 

Soil was classified using Unified Soil Classification as follows: 

i. Compilation of all data in one spreadsheet with the following information being captured: 

Road Name and location, Trial pit number, Depth of sample, chainage, density, moisture, 

CBR, Atterberg limits, Particle Size Distribution (PSD); 

ii. Values passing 5mm (No. 4) and 0.075mm (No.200) BS sieves were highlighted; 

iii. Where more than 50% was retained on No.200, the soil was grouped under “Coarse grained 

soils”. Where 50% or more passes No.200, the soil was grouped under “Fine-grained soils”. 

In this study, 167 samples were “fine-grained soils” while 8 were “coarse grained”; 
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iv. Based on the Casagrande plasticity chart, a distinction was made between soils with LL 

less or greater than 50 (symbol L for Low and H for High), and between inorganic soil 

above the A-line; 

v. Using the plasticity chart, the point where values of PI and LL intersect was located and 

the general group symbol recorded eg MH/OH; and, 

vi. Computation was done to obtain gravel fraction, total course fraction and sand fraction as 

follows: 

a) Gravel fraction = 100-%passing 5mm sieve 

b) Total coarse fraction = 100 - %passing 0.075mm sieve 

c) Sand fraction = (Total coarse fraction – Gravel fraction)/Total coarse fraction X 100 

 

4.3. California Bearing Ratio (CBR) 

This is a widely used empirical test that estimates the strength of subgrade soils. CBR is sensitive 

to soil type, moisture condition, and compaction level, as studied by George et al. (2010), making 

it a practical yet variable indicator of subgrade performance. 

 

Figure 2: CBR Test 
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CBR of the materials was obtained as follows: 

i. The mass of soil to be used in the CBR test was first determined using proctor compaction 

test. This was done by considering the maximum dry density (MDD) and optimum 

moisture content (OMC) as determined from the Proctor test; 

ii. From the mass obtained in (i) the wet mass to use for 3 layers was determined;  

iii. The actual mass of wet material per mould with an addition of 500 g was determined; 

iv. The dry mass per mould which considered the total wet mass and the present moisture 

content was determined; 

v. The water to be added when mixing was then determined which is the product of the total 

dry mass and difference of optimum moisture content (OMC) and present moisture content 

(PMC); 

vi. The measured-out sample was mixed with water determined in (v); 

vii. The soil was placed in the mould in three layers. A filter paper was placed at the bottom of 

the mould and top of the sample; 

viii. The mould with the compacted soil was then placed in a soaking tank for 4 days; 

ix. On the 4th day, the sample was removed and allowed to drain water for about 15 minutes; 

and, 

x. The sample in the mould was then assembled in the loading machine and penetration 

carried out on both sides of the mould. 

5. Results and Discussion 

5.1.Results on Classification 

The study sought to first find out the soil classification for the samples from the various road 

sections and the CBR values. This information would be instrumental in developing predictive 

models using FWD data obtained from the road section studied.  

The average Plasticity Index for samples from all the road section ranged from 7 to 23%, the OMC 

values were 12 to 27% and the MDD 1250 to 1821 Kg/m3. The average CBR for each road section 

ranged from 5% to 31%. The study found that most road sections had multiple soil types with lean 
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clay (CL) being the predominant soil class at 34% of the samples, followed by elastic silt (MH) 

which was 33% of the samples. 

Table 1 shows a summary of the soil classification and the CBR obtained on each road section. 

The numbers on the soil class signify the number of trenches with a specific soil class eg Road No. 

1 had 4MH, CH and CL meaning there were four trenches with soil classified as MH, one trench 

with soil classified as CH and one trench with soil classified as CL. 

Table 1: Summary of Soil classification and Average CBR per road section 

 

Where MH represents Elastic Silt; CH is Fat Clay; CL is Lean Clay; ML is Silt with sand; GM is 

Silty Gravel. 

Figure 3 outlines the various soil types found in all the road sections.  
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Figure 3: Soil types 

5.2. Discussion  

i. Most road sections had multiple soil types as shown on the results for the trial pits; 

ii.  Lean clay (CL) was the predominant soil class at 34% followed by Elastic silt (MH) at 

33%. All road sections had a trial pit with soil classified as lean clay (CL) except Road 

No.11. These findings were in agreement with findings by Vasudeva Rao et al., 2019 who 

sought to characterize and map subgrade soils for future expansion of roads in Ethiopia. 

They used AASHTO classification system and found that the soils were mostly silt and 

clay type of materials.  

iii. Chai et al (2013) sought to predict subgrade CBR using FWD for thin bituminous 

pavements. The model they developed was for sites with predominantly silty sand, clayey 

sand and clayey soil with AASHTO soil classification types A-2-4, A-2-7 and A-7-5. They 

further recommended that validation of their model be carried out when FWD deflection 

data are collected on pavements with different subgrade soils; 

iv. The average Plasticity Index for samples from all the road section ranged from 7 to 23%, 

the OMC values were 12 to 27% and the MDD 1250 to 1821 Kg/m3 and the CBR ranged 

from 5% to 31%;  
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v. From the findings reported, the 4 major soil types ie Elastic silt (MH), Silt with sand (ML), 

Lean clay (CL) and Fat clay (CH) will be considered during development of models. 

Development of a model that can be applied on multiple soil classes as done by Chai et al 

will be considered. 

6. Conclusion 

This paper sought to characterize subgrade soils to enable development of models for predicting 

CBR from FWD deflections. From the results obtained, there were 3 major soil types ie Lean Clay 

(CL), Silt with sand (ML) and Elastic silt (MH). The influence of index properties on the predictive 

models will be investigated. Development of a model that can be applied on multiple soil classes 

as done by Chai et al will also be considered. 
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Abstract 

Park-and-Ride stations are Intermodal Transfer Facilities (ITF) associated with Mass Transit 

Systems (MTS) in urban centres. They help to reduce traffic congestion and air pollution normally 

associated with increased automobile usage. However, successful performance of Park-and-Ride 

stations in terms of ridership numbers and parking utilization is dependent on some factors, which 

if not well investigated during planning and design of the facility can lead to failure or under-

performance. This study on Performance of Park-and-Ride Railway Stations was carried out in 

Nairobi Metropolis. It employed quantitative and qualitative methods with primary data collected 

via questionnaires administered to commuters and the railway staff. Secondary data was obtained 

through documentary search and field surveys. The findings indicated that land use plan and 

character in the station influence area, operating train speed and schedules, availability of other 

socio-economic facilities like convenience stores, eateries and recreational facilities have a direct 

bearing on a station’s performance. The study findings informed on improvement strategies 

recommended for the stations like introducing faster trains with condensed schedules, provision 

of connector transport to the stations, review and reconfiguration of the stations land area to create 

additional socio-economic facilities and collaboration among key stakeholders in re-planning the 

stations surroundings. The study also provided insights into other areas of further research, like 

impacts of land use and new transport development undertakings (e.g. the Nairobi Expressway) 

on existing transport facilities, among others. 

Keywords: Park and Ride, Intermodal Transfer Facility, Mass Transit System, Ridership, Land 

Use Plan. 
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1. Introduction   

The key functions of an effective transport system are mainly mobility and accessibility. These 

functions also influence land use patterns and affect the lives of many people. A successful modern 

community in an urban set up require moving people, goods and services from one point to another 

which are critical components for its survival in an economic set up.  

The urban managers in an urban set up should anticipate challenges and opportunities associated 

with an existing transportation system. Performance aspects are critical to the transportation 

system effectiveness which impacts on economic and social well-being of the dependent 

communities. An evaluation of performance of a transportation system begins with review of 

available data to identify where problems shall originate in the present time or in the future. 

Developing analysis tools or models to manipulate data and predict future behaviour of a system 

is therefore crucial (Banister, 1999).  

The Nairobi Metropolitan Area (NMA) has been expanding significantly due to population growth 

and continues to experience worsening traffic congestion, urban sprawl and environmental 

degradation and deterioration among others urbanization problems. NIUPlan (2015) notes that 

urban developments have occurred without due regard to limitations associated with the existing 

transport infrastructure and utilities to support increasing developments especially in the urban 

fringes. 

In the recent past, there has been minor extensions to the urban railway in NMA with relatively 

new stations developed with parking facilities to enable users of personal cars to park at the stations 

and ride the commuter train, in what is popularly known as Park-and-Ride (P&R) concept.  

While the introduction of P&R stations in the NMA may be considered as one way to reduce cars 

in the main highways to the Central Business District (CBD) and consequently alleviate traffic 

congestion, under-utilization of a parking facility tends to be considered as a waste of public 

resources. This is more so when it fails to ameliorate increased car use along the highways to ease 

traffic congestion. The parking development in the station may therefore not measure up as an 

effective infrastructural investment for public gain. 
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A parking lot may be perceived to be efficiently used when its occupancy threshold is generally in 

the range of 85% to 95% (Meyer, 2016). Individual lots of P&R facilities lacking successful 

demand characteristics depict an exaggerated transit system that is not efficient and therefore a 

classical waste of public funds (Spillar, 1997). This observation justifies the need to assess 

performance and therefore the study subject, i.e. performance comparison of Athi River and 

Syokimau Railway Stations. 

1.1. Study Objectives 

The objectives of the study were: 

i. To investigate the best practices in planning and development of P&R stations. 

ii. To establish the influence areas and their significance in contributing to ridership numbers 

to ACRS and SCRS.  

iii. To find out the utilization levels of the P&R service at ACRS and SCRS and reasons behind 

such levels.  

iv. To determine the suitability of ACRS and SCRS as P&R stations and make appropriate 

recommendations towards their improvement. 

2. Literature Review and Situational Analysis 

The most important factor for a successful and well-functioning sub-urban P&R facility is its 

ability to attract cars users to park their cars and transfer to a public transport system to continue 

with their journey and vice versa for the return trip (Spillar, 1997). In this regard, two key factors 

can gauge how well the P&R facility is performing, which are the parking utilization levels, and 

the ridership numbers generated ((Hamsa et al., 2021, p. 982). 

2.1. The Inter-modal Transfer Facility Concept 

Kaneko (2014) concisely makes a case for the following to be put into consideration in deciding 

the conceptual nature of an Inter-modal Transfer Facility (ITF) such as P&R facility: 

a) As a transport hub for ensuring smooth transfer from one mode to another mode. Facilities 

associated with smooth transfer include bus terminal, bus berth, waiting space, 

riding/dropping space for private car and taxi, private car parking space for P&R, 

motorcycle and bicycle parking space, pedestrian deck, resting spaces, and sidewalks. 
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b) As a place to revitalize the urban location or district where the facility is situated thereby 

promoting community interaction. In this regard, some commercial and recreational 

facilities need to be given consideration depending on the neighbourhood character. 

 
Figure 2.1: A Station Plaza with Green Spaces and Rest Benches (Source: Kaneko, 2014). 

2.2.Conceptual Framework for the Study 

A conceptual framework has been devised for this study theme based on Miles & Huberman (1994) 

view that it is a graphical or narrative explanation of the ideas studied with the key variables 

brought out and highlighted with presumed relationship among them. Rukwaro (2016) further 

expounds that a conceptual framework when clearly articulated becomes a potential and useful 

tool to aid in deciding which data and information to collect and drawing meaning from the study 

findings. 

The analysis of factors influencing performance of P&R facility while incorporating the 

intervening or mitigating variables through their interaction in the whole chain is visualised in 

Figure 2.2 below. 
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                       Figure 2.2: Conceptual Framework (Source: Author, 2023). 

2.3.Criteria for Performance Assessment of the P&R Stations  

The study variables were identified based on the overall objectives of this research and the 

researcher devised a weighted criteria to assess operational performance of the stations in meeting 

the needs desirable from a P&R environment.  

Seven (7) criterion items were identified and applied by the researcher in performance assessment. 

Percentage weights were assigned depending on their significance on the P&R concept. The 

assessment was carried out from the quantitative study data and findings in Chapter 5. The selected 

criterion items from the dependent variables were as follows: 

  P&R Establishment  

 Station catchment area  

- land uses - commercial, 

residential, 

- population density, 

- distance from the station) 

  Transport infrastructure  

- the station facilities,  

- railway line, train coaches,  

- train schedules,  

- accessibility,  

- parking availability,  

- parking cost. 

 

Performance Attributes  

 Ridership numbers attracted 

 Parking utilization levels  

 Commuter preferences of 

travel (time, cost, safety, 

comfort) 

 Operating schedule 

convenience 

 Parking preferences 

 Accessibility convenience 

 Need for socio-economic 

facilities within stations 

 Effectiveness in serving the 

influence area  

 

 

 

  Government Laws & Policies.  

 Urban Development Plans (ISUDP, etc).  

 Zoning & Land Use Plans,  

 P&R Concepts.  

 Station area reconfiguration proposals) 
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i. Attraction and attainment of the expected train ridership numbers. 

ii. Utilization levels of the provided parking facilities. 

iii. Whether the P&R service meets the key commuter preferences of travel in a transport 

system which include avoidance of traffic jams, savings on travel cost and time, safety and 

comfort. 

iv. Convenience of the train operating schedules to commuters. 

v. Convenience of the parking facility to commuting car users. 

vi. How commuters rated the need for developing socio-economic facilities for shopping or 

recreation, which are absent from the stations. 

vii. Effectiveness of the stations in serving the influence area. 

In arriving at the overall performance rating score for each station, percentage scores were 

categorised into five (5) bands using a commonly applied performance rating system in GoK 

institutions (Kenya Roads Board, 2023) as shown below. 

 Below 50%:  Unsatisfactory (signifies performance below expectations).  

 50% - 69%: Fair  

 70% - 79%:  Good 

 80% - 89%: Very Good 

 90% - 100%: Excellent (this is the desired highest level of efficient performance).  

2.4.Urban Development Plans for the Stations Location  

Machakos County prepared an Integrated Strategic Urban Development Plan (ISUDP) covering 

the period 2020 to 2030 for one of its major Sub-counties, Mavoko. Mavoko Sub-county is also 

the main source of commuters to the two stations.The ISUDP proposes adoption of a Transit 

Oriented Development (TOD) in Mavoko which should be applied to help develop a compact city 

with the following aspects: 

 Public transport hubs: These hubs could be established around the railway stations in Athi 

River town with mixed residential and commercial uses among other locations. 

 Public space and infrastructure: the development of compact mixed-use communities 

around the transport hubs accompanied by structured public spaces, parks and supporting 

utilities. 
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2.5.   Influence Area and Demand Estimation 

The influence area for P&R facility is critical to establish as this will be the source of users of the 

facility. If a feeder bus network is required, estimation of the coverage area has to be determined 

(Kaneko, 2014). The station influence area can range from 1km to 5km radius or even more, 

depending on the intensity of developments, available transport options and inherent needs 

connected to use of the station in the surrounding.  

The Stations’ influence area is critical in determining the success of the station of the stations in 

terms of the expected performance metrics mentioned here above. The characteristics of the 

influence area and land use activities are summarised in Table 2.1 below. 

Table 2.1: Stations Influence Area Character (Source: Field surveys by Author, Google Earth Map) 

Item 

Description  
Influence Area Land Use Activities 

 

Station 

Area 

Area directly adjoining the 

station or within the defined 

station property boundaries 

• Station buildings / structures; parking area and  

  open space;  

• Access road   

 

 

Station 

Coverage 

Area directly surrounding ITF 

or area within 100m radius of 

the railway station 

 

• Commercial premises (mini-shop, bar,  

   eateries points); Businesses and offices (post     

   office, bank, Water & Sanitation Company)   

• Immediate supporting road and utilities   

   infrastructure  

Area within 500m to 1Km 

radius of the railway station or 

within walking distance 

 

• Commercial premises (shop, bar,  

  eateries points); Residential dwellings; Industrial    

  and warehouse activities; fuelling Stations; 

• Community facilities like markets,  

  schools, hospitals, churches, mosques;  

• Steel and cement manufacture;  

• Open ground / undeveloped land;  

• Vegetables farming; River and flood plains;    

• Feeder roads network and PSV Stations 

 

Station 

Catchment 

Area 

Area that can be connected to 

the stations by feeder services 

(extends up to 5Km radius) 

 

• GoK and County administrative offices  

• Technical training institutions; Police station 

• Public transport vehicle terminal; Shopping  

  malls; Meat production; SGR station; 

• Export Processing Zone (EPZ) 

• Hotels and resorts 

• Livestock keeping and crop farming 

• Stone quarry and ballast production 

• All other urban activities in the 1km radius zone  
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2.6.Research Gaps 

The rationale for early P&R schemes was not grounded in research but rather on local experiments 

based upon supposition about the nature of traffic and congestion. In Kenya, the advent of P&R 

stations took place a decade ago in the NMA. However, their operational performance and 

economic impact to urban transport in the greater metropolitan scene is yet to be assessed properly. 

Table 2.2 below summarises the gaps identified. 

Table 2.2: Knowledge Gaps Identified from Previous Studies (Source: Author, 2023) 

Nature of the study area Knowledge gap identified 

A study in 2009 on the application of 

P&R and TOD concepts to develop a 

framework that can be used to 

maximize public transport patronage by 

S. Ginn. 

 The study did not reveal the catchment area 

characteristics and distances to the stations which 

can influence the success of P&R facility.  

 The study did not examine other attributes like 

operating schedule convenience to commuters which 

can increase patronage. 

A study in 2003 on factors that 

influence the choice of travel mode 

selection in major urban areas: “The 

attractiveness of Park and Ride” by L. 

Olson 

The study did not reveal how users rate safety and 

security of the provided service among other key 

preferences of commuter travel. 

A study in 2006 on the prices and 

quality of rail passenger services by 

Steer Davies Gleave Company, UK 

The study was confined to fare pricing and the service 

itself but did not cover other measures that need to be 

taken by the railway operators to increase patronage like 

adjusting the train schedules or running faster trains for 

reliability and time saving. 

A study in 2018 on factors that 

influence utilization of rail transport by 

private motorists at railway stations in 

Nairobi County, Kenya by J. Maina 

The study did not investigate whether introduction of 

other facilities within or near the stations, e.g., shopping 

or recreation, could influence usage by the private 

motorist. Best practises in planning and development of 

P&R stations were also not researched or recommended.  

3. Methodology 

3.1.Introduction 

A mixed research design was adopted for the study whereby both quantitative and qualitative 

research elements were applied in a complementary manner. Literature review (Chapter 2) on 
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available work and materials also formed part of the research methods to answer the first objective 

on best practice to actualise functional P&R stations. 

Additionally, a spatial analysis of the urban land use plans and activities within the stations’ 

coverage area was carried out to understand local and regional planning and development issues 

to do with land optimization for ideal locations of land users and the supporting transport route 

networks.  

Table 3.1 below gives the Kenya Railway Corporation (KRC) commuter statistics from both Athi 

River and Syokimau Stations. The average commuter numbers were given by the station masters 

for each station and used to compare with the computed train capacities. 

Table 3.1: Commuter Railway One-Way Trip Statistics  

(Source: KRC, February 2023) 

From Table 3.1 above, it is noted that the average daily turn out of commuters is less than the 

computed train capacities for the two stations. For purposes of sampling, the target number of 

commuters was based on the computed train capacities which is the higher figure in both the 

stations.  

3.2.Sample Size and Sampling Procedure 

The research adopted the Nachmias & Nachmias (1992) formula in determining the sample size 

for commuters from the population of respondents given in table 4.2 above, while assuming 95% 

confidence level; 

n = {(z*z) (p*q) N} / {e*e(N-1) +(z*z) (p*q)} where: 

n = sample size;  

Station Name 

Capacity 

of One 

(1) 

Coach 

No. of 

Coaches 

No. 

of 

Trips 

Passenger Statistics 

Computed 

Capacity 

Average 

Recorded 

Daily  

% 

Ridership 

Athi River Original Train  62 5 1 310  190  61% 

Syokimau Original Train  62 7 1 434 270 65% 

Syokimau DMU 98 2 2 392 330 82% 

Syokimau Total     826 600 73% 
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z = standard deviation at 95% confidence level (in this case 1.96 worked from tables showing 

areas under normal curve); 

p = % of target population assumed to have similar characteristics (taken as 95% for this study); 

q = 1-p 

N = population size 

e = margin of error at 95% confidence level  

   = 1-0.95; =0.05.  

By substituting accordingly in the above equation,  

n = 0.182N / (0.0025N + 0.1795) 

From Table 3.1 above N for ACRS = 310 and N for SCRS = 826. Substituting N in the equation 

above, then: 

 n (for ACRS) = 59.11; Say 60 and  

 n (for SCRS) = 66.97; say 67. 

To compensate for non-response during data collection, a 30% upward adjustment was made to 

the calculated sample as postulated by Israel (2012). 

Adjusting the sample size for non-response, new sample size, n (new) = 130% * n. The final 

sample size are thus obtained as follows:  

(i) ACRS sample size = 60 * 1.3 = 78 No. commuters; 

(ii) SCRS sample size = 67 * 1.3 = 87 No. commuters. 

The table below gives the final sample population for the target respondents in the study. 

Table 3.2 Breakdown of Target Respondents (Source: Author, 2023) 

Category  Target Number 

a) Questionnaires   

Commuters to Athi River Station 78 

Commuters to Syokimau Station 87 

b) Interviews  

KRC Station Officers 2 Station Masters (1 at each station) 

KRC Head Quarters Officer 1 officer 
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3.3.Research Operationalization Matrix  

Finally, a matrix for making the research operational was crafted by the researcher, based on the 

research objectives of the study. The matrix contained investigative questions to yield some 

responses for decision making. The type of variable and indicator, data source, collection, and 

analysis methods, what to measure and how to measure them were also captured in the matrix 

given in the succeeding Table 3.3 below. 
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Table 3.3 Research Operationalization Matrix (Source: Author, 2023) 

Investigative Question Name of 

Variable 

Type of 

Variable 

Indicator Data 

Source 

Data 

Collection 

method 

Data 

Analysis 

Technique 

Statistical 

Measure/Output 

Which place is source of 

the largest commuter 

numbers? 

Source of 

commuters 

Independent  Place names Commuters  Questionnaire Descriptive 

Analysis 

Table; Frequencies. 

Percentages 

What is the predominant 

land use within 5km radius 

of the Station? 

Land use Independent Predominant 

land use activity 

Field 

Observation

s, Maps 

Field data & 

Maps review 

Spatial 

Analysis 

Spatial area 

description 

 

How significant is the 5Km 

radius area in contributing 

to commuter numbers? 

Influence area Independent Commuter 

numbers 

Commuters 

 

Questionnaire 

 

Descriptive 

Analysis 

Percentages; Bar 

Graphs 

 

Which is the commonly 

used means of access to the 

station? 

Transport 

means 

Independent Transport mode Commuters 

 

Questionnaire Descriptive 

Analysis 

Percentages;  

Pie charts 

What is the capacity of the 

provided transport system   

Transport 

facility 

Independent No. of coaches; 

No. of train 

trips 

KRC Staff Questionnaire Quantitative 

Analysis 

Tables; numbers 

What is the average number 

of commuters using the 

station daily? 

Ridership 

numbers 

Dependent Commuter 

numbers 

Commuters Questionnaire Descriptive 

Analysis 

Tables; Averages  

What is the utilization level 

of the parking facility? 

Level of 

utilization 

Dependent Utilised parking 

slots 

KRC Staff; 

Author  

Questionnaire; 

Field survey 

Descriptive 

Analysis 

Tables; Numbers; 

Percentages 

How convenient is the 

provided P&R service to 

commuters? 

P&R Service; 

 

Dependent Convenience 

level; 

Commuter 

opinion 

Commuters Questionnaire Quantitative 

& Qualitative 

Analysis 

Table, Percentages; 

Inferences (from 

qualitative analysis) 
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Investigative Question Name of 

Variable 

Type of 

Variable 

Indicator Data 

Source 

Data 

Collection 

method 

Data 

Analysis 

Technique 

Statistical 

Measure/Output 

What are some of the 

appropriate practises to 

actualise functional P&R 

schemes? 

Concept Intervening   Applicable 

methods 

Secondary 

Data  

Literature 

Review 

Deductive 

Reasoning 

Applicable concepts 

Would you recommend 

development of shopping 

premises and recreational 

facilities within or near the 

station to liven commuter 

experience? 

Station area 

re-

development 

Mitigating / 

Intervening 

Re-development 

proposals 

Commuters. 

KRC Staff 

Questionnaire Descriptive 

Analysis 

Table, Percentages, 

 

What else could be done to 

attract more users to the 

park and ride service?   

Attraction 

factors 

Mitigating / 

Intervening 

Actionable 

areas 

Commuters 

KRC Staff 

Questionnaire Qualitative 

Analysis 

Inferences  
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4. Results and Discussion  

4.1. Introduction  

This chapter presents the findings from the field data collection exercise to investigate the situation 

at the stations. A discussion of the findings made and analysis was further undertaken to support 

the study objectives, as well as to validate the study proposition. Any challenges encountered in 

the field survey were also outlined.  

It is pointed out that all the data and information in tables and figures given under this chapter 

were all from the field survey conducted in the month of February 2023 and are therefore purely 

of the author’s construct. 

4.2. Survey Response Rate 

Questionnaires were prepared as discussed in Chapter 4 and administered randomly through 

physical distribution to commuters of the P&R service at the stations, as given Table 4.1 below. 

The overall response from each of the stations is also shown. 

Table 4.1 Questionnaires Response Rate  

Station No. Issued No. Returned % Response 

Athi River 78 57 73% 

Syokimau 87 62 71% 

Mugenda and Mugenda (2003) opines that a response rate of 70% and above is an excellent 

representative of the study sample. Thus, the two stations produced adequate responses for further 

analysis. The non-response by other commuters was attributed to circumstances surrounding their 

travel inside the train like their comfort levels to allow filling of the questionnaire freely. 

4.3. General Information 

Demographic information was gathered from the respondents like gender, age, and the timespan 

the commuter has been using the commuter train. This kind of information is of vital implication 

in travellers’ choice of P&R transport service as argued by Clayton et al. (2014).  
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4.3.1.  Gender of the Respondent 

The sample population in Athi River Station (ACRS) registered more male respondents which 

were double the size of female respondents while at Syokimau Station (SCRS), the female 

respondents were slightly more than men at 54% as shown in Figures 4.1(a) and 4.1(b) below.  

 

Figure 4.1(a): Gender Distribution – ACRS                      Figure 4.1(b): Gender Distribution - SCRS 

From the findings above, it is possible to link the high number of car users parking and riding the 

train at Syokimau Station with female car owners who are assumed to want to avoid the strains 

and stresses associated with driving to the town centre along congested roads and streets. 

Conversely, this same gender at Athi River Station where car use was lower (see Section 5.4.4) 

was also less than the male gender. 

4.3.2. Age of the Respondent 

There is a strong correlation between age and travel behaviour. This can as well influence opinions 

arising from the survey. The figures below illustrate the age range for respondents in the study. 

       

  Figure 4.2(a): Age of Respondents – ACRS                       Figure 4.2(b): Age of Respondents - SCRS 
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The dominant age for respondents in Athi River Station was in the range of 45 to 54 years at 37%. 

However, it was also observed that the age bracket of 25 to 54 years produced the largest 

proportion of travellers at 93%. In many cases, this is the working population in the Kenyan labour 

market, which captures the start of working life after college or university studies and early 

retirement age at 50 years.  

The dominant age for respondents in Syokimau Station was in the range of 34 to 44 years at 44%. 

Similarly, and like for Athi River, the station had the working age bracket of 25 to 54 years 

producing the largest proportion of travellers at 85%.  

It may easily be concluded that most of the travellers in the two stations were workers in various 

companies or institutions in the private or public sector. 

4.3.3. Timespan for Usage of the Commuter Train 

The timespan that respondents had used the commuter train was surveyed. The aim of this data 

was to judge whether the respondents could speak with certainty on issues of concern that touch 

on the commuter train based on their experience on a day-to-day basis in using the commuter train. 

The results of this survey are given in the bar charts here below. 

                 

Figure 4.3(a): Years of Train Use – ACRS       Figure 4.3(b): Years of Train Use - SCRS 

Both stations recorded 2 to 5 years as the most prevalent timespan users had used the commuter 

train. By combination of the age ranges, a sizeable number of respondents had used the trains for 

over a year at 85% for ACRS and 90% for SCRS and were therefore considered to be well informed 

on issues of concern that have affected commuters on a day to day. 

 

15%

30%
33%

22%

0%
5%

10%
15%
20%
25%
30%
35%

< 1 Year 1 to 2
Years

 > 2 to 5
Years

 > 5 to
10 Years

10%

29%

34%

27%

0%

5%

10%

15%

20%

25%

30%

35%

40%

< 1 Year 1 to 2
Years

 > 2 to 5
Years

 > 5 to 10
Years



 

 

African Journal of Engineering Research and Innovation. Volume 3. No. 3, September 2025 

                                                                                       49       ISSN: 2957- 7780 

 

 

4.4.   Station Influence Area, Transport and Commuter Preferences 

This section was designed to establish the location where most of the commuters were coming 

from, their transport means to the stations, and their reasons for preferring to use the train. 

4.4.1.     Residence of Respondents 

The source of commuters to the station was established through this tool and statistics on various 

sources are represented graphically in the pie chart here below. 

    

               Figure 4.4(a): Residential Area – ACRS          Figure 4.4(b): Residential Area - SCRS 

From the pie chart above, it was observed that more than half of the commuter railway users in 

Athi River Station were from Athi River Town. The survey also revealed that there were users of 

the train service from Mlolongo Area (mostly expected to use Syokimau Station) which was the 

same number as that from Kitengela. It is noted that most of the commuter railway users in 

Syokimau Station were from the Syokimau / Katani Residential Area.  

4.4.2. Locational Distance of Residences for Respondents 

Locational distances of residences for the respondents in terms of varying distances to the train 

station were assessed with a view to establishing the distance covered by most of the commuters 

and ultimately the station influence area, which is the second objective of the study.  
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The data below shows the results obtained from this analysis. 

    

       Figure 4.5(a) Residential Distances – ACRS               Figure 4.5(b): Residential Distances - SCRS 

In both cases, it was notable that over 75% of the commuters in both stations were from a 5Km 

radius with Athi River Station at 78% and Syokimau Station at 76%. These distances were also 

commensurate with the recommended locational influence areas as given in Table 2.1. 

4.4.3. Reasons for Preferring the Commuter Train  

The survey sought to establish on some pre-determined reasons why the commuters preferred to 

use the P&R service. The objective was to identify the most popular reasons which would then 

require appropriate measures to best address it to improve utilization of the P&R service. This 

would aid in answering the third and fourth objectives of the study. The five-point Likert Scale 

rating was applied in this survey with parameters defined as follows:  

1 = Strongly Disagree (SD); 2 =Disagree (D); 3 =Neutral (N); 4 = Agree (A) and 5 = Strongly Agree 

(SA).  

To analyse the most popular reason in using the P&R service, there was aggregation of measures 

4 = Agree and 5 = Strongly Agree. Similarly, to analyse the least popular reason in using the P&R 

service, measures 1 = Strongly Disagree and 2 = Disagree were combined for a unified score. The 

analysis then excluded parameter 3-Neutral since it was interpreted as indecision by the 

respondents. The outcome of the survey for the two stations is given in the tables here below. A 

similar approach was used for all the subsequent Likert scale cases undertaken in the study.  
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Table 4.2(a) Reasons for Commuter Train Preference – Athi River Station 

S/No. Description 

Least 

Popular 

(1 & 2) 

1 (SD) 2 (D) 3 (N) 4 (A) 5 (SA) 

Most 

Popular 

(4 & 5) 

1 
To avoid traffic 

jams 

 

8.3% 
8.3% 0.0% 8.3% 37.5% 45.8% 

 

83.3% 

2 
To save on travel 

cost and time 

 

20.8% 
12.5% 8.3% 12.5% 20.8% 45.8% 

 

66.7% 

3 

The station parking 

cost is less than the 

parking fee in 

Nairobi CBD 

 

 

9.5% 
4.8% 4.8% 23.8% 28.6% 38.1% 

 

 

66.7% 

4 
The train service is 

safe and secure 

 

4.3% 
4.3% 0.0% 4.3% 34.8% 56.5% 

 

91.3% 

 
Average 

Percentage 

 

10.8% 
7.5% 3.3% 12.2% 30.4% 46.6% 

 

77.0% 

From the analysis illustrated in Table 4.2(a) above for Athi River Station, safety and security of 

the train emerged the most popular and agreed reason for preferring the train at 91.3%. This finding 

may have a correlation with age of the train users as established at Athi River station most of whom 

were falling in the 45 to 54 years age bracket. This age group may want to take the secure and safe 

options of transport to avoid accidents. Avoidance of traffic jams followed at 83.3% while savings 

on travel cost and time tied with the station parking cost being less than that at Nairobi CBD, the 

destination point, at 66.7%.   

Generally, 10.8% of the respondents conveyed their disagreement with the statements as factors 

influencing commuter train preference with only 12.2% of them indicating their neutrality in the 

reasons. A total of 77% of respondents agreed with the reasons thus validating their relevance and 

significance in usage of the commuter train. 
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Table 4.2(b) Reasons for Commuter Train Preference – Syokimau Station 

S/No. Description 

Least 

Popular 

(1 & 2) 

1 

(SD) 
2 (D) 3 (N) 4 (A) 5 (SA) 

Most 

Popular 

(4 & 5) 

1 
To avoid traffic 

jams 

 

7.9% 
5.3% 2.6% 5.3% 21.1% 65.8% 

 

86.8% 

2 
To save on travel 

cost and time 

 

10.3% 
0.0% 10.3% 10.3% 17.9% 61.5% 

 

79.5% 

3 

The station parking 

cost is less than the 

parking fee in 

Nairobi CBD 

 

 

14.3% 
5.7% 8.6% 14.3% 14.3% 57.1% 

 

 

71.4% 

4 
The train service is 

safe and secure 

 

13.9% 
2.8% 11.1% 8.3% 19.4% 58.3% 

 

77.8% 

 
Average 

Percentage 

 

11.5% 

 

3.4% 

 

8.1% 

 

9.5% 

 

18.2% 

 

60.7% 

 

78.9% 

From the analysis in Table 4.2(b) above for Syokimau Station, avoidance of traffic jams emerged 

the most popular and agreed reason for preferring the train at 86.8% followed by savings on travel 

cost and time at 79.5% while safety and security followed closely at 77.8% with the station parking 

cost being less than that at CBD coming last at 71.4%.  

Overall, 11.5% of the respondents voiced their disagreement with the statements as reasons 

influencing commuter train preference with only 9.5% of the respondents indicating their 

neutrality in the reasons. A total of 78.9% of respondents agreed with the reasons thus validating 

their relevance and significance in usage of the commuter train. 

4.4.4. Car Ownership Statistics for Commuters 

A key variable that this research sought to investigate is the number of car-owning commuters for 

each of the study station. The pie charts below represent the percentage ownership of cars among 

the train commuters. 
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Figure 4.6(a): Car Ownership at ACRS            Figure 4.6(b): Car Ownership at SCRS 

As may be seen from the pie charts above, use of personal car to access the stations was dominant 

at Syokimau Station at 90% as compared to Athi River Station at 48% (nearly half the number at 

Syokimau). A further investigation of alternative means of access to the station revealed that 71% 

of respondents at Athi River Station relied on walking against 41% in Syokimau Station. This was 

a clear indication that car use in accessing Athi River Station was low. This finding would have 

significance in proffering recommendations for sustainability of the station as P&R facility as 

envisaged under the fourth objective of the study. 

4.4.5. Convenience of the Park-and-Ride Service  

The P&R service was further evaluated in terms of satisfaction of the commuters to the facilities 

offered by KRC. The five-point Likert scale was applied in this evaluation for defined areas of 

facility provision. The following key areas were explored: 

a) Parking for commuters. 

b) Prevailing train departure and arrival schedule; and  

c) The available public transport means (matatu or connector bus) to take passengers to the 

stations. 

Parking for Commuters 

The Parking for each station was evaluated separately as given in the tables below. 

52%

48%

Yes No

90%

10%

Yes No
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Table 4.3(a) Parking Convenience at Athi River Station 

S/No. Statement Least 

Convenient 

(1 & 2) 

1 (SD) 2 (D) 3 (N) 4 (A) 5 (SA) 

Most 

Convenient 

(4 & 5) 

1 Parking fee is 

affordable 15.4% 

0.0% 15.4% 7.7% 46.2% 30.8% 76.9% 

2 Payment mode is 

convenient 30.8% 

7.7% 23.1% 23.1% 30.8% 15.4% 46.2% 

3 Parking facility is 

accessible 7.7% 

0.0% 7.7% 7.7% 53.8% 30.8% 84.6% 

4 Cars are secure in 

the parking 0.0% 

0.0% 0.0% 7.7% 38.5% 53.8% 92.3% 

5 Persons with 

disability can use 

it conveniently 8.3% 

0.0% 8.3% 16.7% 58.3% 16.7% 75.0% 

  Average 

Percentage 12.4% 

 

1.5% 

 

10.9% 

 

12.6% 

 

45.5% 

 

29.5% 

 

75.0% 

From the analysis illustrated in Table 4.3(a) above for Athi River Station, parking convenience 

ranked as follows:  

a) Security of cars at the parking was highest ranked at 92.3%. 

b) Accessibility of the parking followed at 84.6%. 

c) Affordability of parking fee and usability of the P&R service by persons with disability 

ranked closely at third and fourth with 76.9% and 75% respectively. 

d) Convenience of the payment mode for parking scored lowest at 46.2%. 

12.4% of the respondents disagreed with the statements on parking facility provided and 

influencing utilization of the facility with 12.6% of the respondents indicating their neutrality in 

the reasons. A total of 75% of respondents agreed with the reasons thus validating the status quo 

of the parking facility and usage as a P&R facility.  

However, the survey took a keen attention on the payment mode used at the station being the 

lowest ranked in importance and which also elicited an appreciably high proportion of negative 

responses compared to the rest with 30.8% disagreeing with the statement. In this regard, various 

respondents suggested adoption of other convenient methods of payment which were: 
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(i) Fully automate car park payment system. 

(ii) Introduce MPesa payments for parking. 

Here below are the results for Syokimau Station on the same aspects of parking. 

Table 4.3(b) Parking Convenience at Syokimau Station 

S/No. Statement Least 

Convenient 

(1 & 2) 

1 (SD) 2 (D) 3 (N) 4 (A) 5 (SA) 

Most 

Convenient 

(4 & 5) 

1 Parking fee is 

affordable 

13.9% 11.1% 2.8% 11.1% 22.2% 52.8% 75.0% 

2 Payment mode is 

convenient 

11.4% 5.7% 5.7% 14.3% 28.6% 45.7% 74.3% 

3 Parking facility is 

accessible 

5.6% 5.6% 0.0% 11.1% 27.8% 55.6% 83.3% 

4 Cars are secure in the 

parking 

8.3% 5.6% 2.8% 8.3% 19.4% 63.9% 83.3% 

5 Persons with 

disability can use it 

conveniently 

6.1% 3.0% 3.0% 27.3% 15.2% 51.5% 66.7% 

  Average Percentage 9.1% 6.2% 2.9% 14.4% 22.6% 53.9% 76.5% 

From the analysis above for Syokimau Station, parking convenience ranked as follows:  

a) Parking accessibility and security of cars at the parking were highest ranked and tied at 

83.3%. 

b) Affordability of the parking fee and convenience of the parking payment method ranked 

closely at second and third with 75% and 74.3% respectively. 

c) Usability of the P&R service by persons with disability scored lowest at 66.7%. 

9.1% of the respondents conveyed their disagreement with the statements with only 14.4% of the 

respondents deciding to be neutral. A total of 76.5% of respondents agreed with the reasons thus 

validating the parking facility and its significance in usage as a P&R facility. 

Trains Schedule and Means of Access to the Stations  

The convenience of the stations was again evaluated against three statements tailored on the 

available means of access and the commuter train timetable as scheduled by KRC. These two 

aspects were evaluated together as the prevailing departure/arrival schedule may influence a 
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traveller’s choice of the means to use to access station. The results on the statements assessed on 

a Likert scale and pie charts on suitability of the train schedules are given here below. This 

assessment aided in answering the third and fourth objective of the study. 

a) Athi River Station  

Table 4.4(a) Athi River Station Train Schedule and Station Access 

S/No. Statement 

Least 

Preferred 

(1 & 2) 

1 (SD) 2 (D) 3 (N) 4 (A) 5 (SA) 

Most 

Preferred 

(4 & 5) 

1 
The train departure/arrival 

schedule time is convenient 
29.6% 14.8% 14.8% 22.2% 25.9% 22.2% 48.1% 

2 

My residential area has no 

available public transport 

means (matatu, bus) to take 

passengers to the station 

19.2% 15.4% 3.8% 15.4% 15.4% 50.0% 65.4% 

3 

Introducing a Railway 

Connector Bus or PSV in 

my area can increase the 

number passengers to the 

train station 

12.5% 4.2% 8.3% 20.8% 20.8% 45.8% 66.7% 

  Average Percentage 20.5% 11.5% 9.0% 19.5% 20.7% 39.4% 60.1% 

The ranking on the three statements for Athi River Station above was as follows: 

a) Introduction of a railway connector bus was highest at 66.7% 

b) Response on areas without public transport for access to the stations followed with 65.4% 

(needs connector bus) 

c) Train schedule was last at 48.1%. 

The convenience of the train schedule was further investigated by requesting the respondents to 

indicate their preferred train departure and arrival timings. Kenya Railways operates only one train 

trip to and from the Athi River Station each day from Monday to Friday. The findings of this 

running schedule against any other preferred timings by respondents are capture in the pie charts 

below. 

i)  Athi River Morning Train 
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The outcome of the survey on the Athi River Commuter train schedule, morning departure at 

6.20am and arrival at CBD central station at 7.46am (takes 1hr and 26 minutes) revealed that the 

current departure and arrival times (37% and 29.6%) is not convenient for commuters. The 

outcome of this survey is shown in the pie charts Figure 4.7(a) and Figure 4.7(b) here below. 

 

Figure 4.7(a): Preferred ACRS Departure Time       Figure 4.7(b): Preferred CBD Arrival Time 

ii) Athi River Evening Train 

From the pie charts on evening departure time here below, it was of interest to learn that the 

evening departure time of 5.50 pm from Nairobi Central Station was preferred by most of the 

respondents at 66.7% while the arrival time of 7.13 pm at Athi River was not convenient for many, 

scoring lowly at 22%. The resultant train journey was 1hr and 23minutes nearly the same as the 

morning journey.  

          

Figure 4.7(c): Preferred CBD Departure Time      Figure 4.7(d): Preferred ACRS Arrival Time 

37.0%

63.0%

6.20 am Commuter Train
Other times

29.6%

70.4%

7.46 am Commuter Train
Other times

66.7%

33.3%

5.50 pm Commuter Train
Other times

22%

78%

7.13 pm Commuter Train
Other times
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Thus, from the analysis above, only the evening departure time from Nairobi CBD Central 

Station was found to be okay with most of the commuters at ACRS. 

(a) Syokimau Station  

Table 4.4(b) Syokimau Station Train Schedule and Station Access 

S/N Statement 

Least 

Preferr

ed (1 & 

2) 

1 

(SD) 
2 (D) 3 (N) 4 (A) 5 (SA) 

Most 

Prefer

red 

(4 & 5) 

1 
The train departure/arrival 

schedule time is convenient 
10.8% 0.0% 10.8% 18.9% 45.9% 24.3% 70.3% 

2 

My residential area has no 

available public transport 

means (matatu, bus) to take 

passengers to the station 

26.5% 
20.6

% 
5.9% 17.6% 23.5% 32.4% 55.9% 

3 

Introducing a Railway 

Connector Bus or PSV in 

my area can increase the 

number passengers to the 

train station 

8.1% 5.4% 2.7% 10.8% 16.2% 64.9% 81.1% 

  Average Percentage 15.1% 8.7% 6.5% 
15.8

% 

28.6

% 

40.5

% 
69.1% 

The ranking on the three statements for Syokimau Station above was as follows: 

a) Introduction of a railway connector bus was highest at 81.1% 

b) Train schedule was second at 70.3%  

c) Areas without public transport for access to the stations ranked lowest at 55.9%. 

The convenience was further investigated by requesting the respondents to indicate their preferred 

train departure and arrival timings based on the various train trips that Kenya Railways runs to and 

from the Syokimau Station. In the morning, KRC operated three (3) train trips while in the evening, 

the train trips were reduced to two (2). The findings of this survey on the prevailing train schedules 

operated at Syokimau Station are capture in the pie charts below. 

(i) Syokimau Morning Trains 

As can be seen from the pie charts 5.5(a) and (b) below, the DMU schedule option introduced by 

Kenya Railways at Syokimau Station emerged the most preferred at 62% for departure at 7.15 am 

and 63% arrival at CBD at 7.50 am respectively. 
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Figure 4.8(a): Preferred SCRS Departure Time      Figure 4.8(b): Preferred CBD Arrival Time  

(ii) Syokimau Evening Trains 

From the analysis by pie charts here below, the ordinary evening commuter train with a schedule 

of 5.30 pm departure from CBD Central Station and 6.13 pm arrival at Syokimau Station emerged 

the most preferred at 79% and 76% respectively. Apparently, the type of train operated didn’t 

matter as DMU was unpopular in the evening return trip while it was popular in the morning trip, 

which is implies the running schedule is more critical in terms of departure and arrival timings. 

             

Figure 4.8(c): Preferred CBD Departure Time    Figure 4.8(d): Preferred SCRS Arrival Time 

 

31%

62%

7%

Commuter train 6.20 am

DMU 7.15 am

28%

63%

9%

Commuter train 6.53 am

DMU 7.50 am

DMU 9.25 am

79%

21%

Commuter train 5.30 pm

DMU 6.20 pm

76%

24%

Commuter train 6.13 pm

DMU 6.55 pm
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Suggestions on Ways to Improve on the Park-and-Ride Service  

Respondents were further required to give suggestions on what they thought KRC should do to 

improve the convenience of the P&R service. The varied suggestions given were extracted from 

the questionnaires as itemised here below. 

a) Suggestions by Commuters 

 Put up more infrastructure on the stations such as commuting videos, security lights, car 

sheds, car wash facilities etc. 

 Adhere to time schedule and avoid stop overs (express train). 

 Undertake media campaigns to enlighten the public on existence of the P&R service.  

 Introduce new or modern trains to attract more users to the P&R service. 

 Make the parking fees and fare rates affordable to many commuters.  

 Fully automate car park payment system.  

 Introduce MPesa payments for parking. 

 Avail pre-loaded cards for payment at the entry gates to the riding platform. 

 Allow 24hrs access to the station for commuters to pick their cars. 

 Introduce much faster train or a DMU to depart from ACRS at 7.30am.  

 Reduce the journey time taken by the train to and from ACRS to maximum 40 minutes. 

 Run more than three train trips in a day to Athi River for more options to the public. 

 Introduce another rail line from Imara Daima to Central Station to avoid wasting time 

waiting for the other trains from Embakasi, Ruiru, etc to pass. 

 Introduce a P&R service at Kitengela Station. 

 Repair the road serving ACRS from the Athi river - Namanga Highway. The rail-road 

junction crossing is very rough for cars. 

b) Suggestions by Station Managers  

Similarly, the station managers for the two stations were requested for feedback from customer 

perspective point of view based on their experience derived from handling commuters. The 

consolidated feedback cutting across both stations as received is as given below: - 

 Advertise or market the P&R service to increase awareness by urban dwellers. 
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 Introduce DMUs which are faster to the routes. 

 Introduce overnight parking in case one is delayed in town to pick the car before 9pm (cars 

parked beyond this time attracts a fine). 

 Develop and introduce differentiated fares for DMUs considering peak and off-peak hours 

for increased patronage of the service. 

 Introduce amenities like car wash and electric vehicle charging points at the advent of 

electric driven vehicles. 

As may be seen from the feedback by both commuters and the station managers, the following 

suggestions featured prominently and may comprise the quick wins that KRC could take to 

improve the P&R service:  

(i) Introduce faster trains like DMUs to the Athi River Route.  

(ii) Carry out Media campaigns on the use of commuter rails to enlighten the urbanites. 

(iii) Allow 24hrs access to the station by commuters to collect cars.  

(iv)  Develop and introduce differentiated affordable fares for various train trips (DMUs) 

considering peak and off-peak hours for increased patronage of the service.  

(v) Introduce amenities like car washing facilities, car shed, security lights commuting 

videos and even electric vehicle charging points at the advent of electric driven 

vehicles. 

4.5. Land Use Factors and Station Area Re-configuration  

This is the last and final section of the questionnaires which aimed at establishing whether the 

station users or commuters would prefer other essential investments of residential, commercial, or 

recreational nature within and around the stations. This could be achieved by way of land use 

changes that can be occasioned to transform the stations and their environs. KRC might consider 

developing or facilitating the investments through other entities. By reconfiguring the area based 

on the ascertained needs, this could make them more attractive and even increase the ridership 

numbers in future and goes a long way in answering the fourth objective of the study. The survey 

was based on statements measured on a 5-point Likert Scale as shown below. 
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Table 4.5(a) Athi River Station Area Land Use Changes and Transformation 

S/No. Statement 

Least 

Accepted 

(1 & 2) 

1 (SD) 2 (D) 3 (N) 4 (A) 5 (SA) 

Most 

Accepted 

(4 & 5) 

1 
Preference for affordable 

houses near the station for 

access convenience 

30.8% 19.2% 11.5% 19.2% 11.5% 38.5% 50.0% 

2 

KRC should develop shopping 

premises/mini malls within the 

station area to allow commuter 

shopping on their way home in 

the evening 

25.9% 14.8% 11.1% 3.7% 29.6% 40.7% 70.4% 

3 

Recreational facilities, e.g. mini 

parks with benches or a fitness 

gym are necessary to liven or 

energize the commuter 

experience  

17.2% 10.3% 6.9% 13.8% 34.5% 34.5% 69.0% 

  Average Percentage 24.6% 14.8% 9.8% 12.2% 25.2% 37.9% 63.1% 

 

Table 4.5(b) Syokimau Station Area Land Use Changes and Transformation 

S/

No. 
Statement 

Least 

Accepted 

(1 & 2) 

1 (SD) 2 (D) 3 (N) 4 (A) 5 (SA) 

Most 

Accepted 

(4 & 5) 

1 

If there were affordable houses 

near the station, I would prefer 

them for my access convenience 

24.3% 13.5% 10.8% 24.3% 16.2% 35.1% 51.4% 

2 

KRC should develop shopping 

premises/mini malls within the 

station area to allow commuters 

to shop for basic items on their 

way home in the evening 

18.9% 5.4% 13.5% 13.5% 18.9% 48.6% 67.6% 

3 

Recreational facilities like 

landscaped mini parks with 

benches or a fitness gym are 

necessary to liven or energize the 

commuter experience at the 

station 

16.2% 8.1% 8.1% 18.9% 8.1% 56.8% 64.9% 

  Average Percentage 19.8% 9.0% 10.8% 18.9% 14.4% 46.8% 61.3% 
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From Tables 4.5 (a) and (b) above, it can be observed that development of shopping premises or 

mini malls within the station area for shopping by commuters emerged the most accepted or 

popular change that can be introduced at both stations with ACRS at 70.4% and SCRS at 67.6%. 

The introduction of recreational facilities like landscaped mini parks or fitness gyms came close 

at second place with 69% for ACRS and 64.9% for SCRS respectively. Affordable housing near 

the stations scored averagely at 50% and 51.4% for ACRS and SCRS respectively.  

However, it is not sensible to assume that all users of P&R stations will be car users as there will 

still be the walking population or the proportion of users using connector PSV for transport. 

4.6. Research Proposition 

The research proposition advanced by the researcher was that the car parking provided at Athi 

River Station has low utilization. The data below aids in making deductions on this proposition. 

Table 4.6: Available versus Utilized Parking in both Stations (Source: Author, 2023)  

Station 

Available 

Parking Slots 

No. of Cars Parked 

per day (Average) 

Unutilized Car 

Park Slots % Utilized 

Athi River  200 20 180 10% 

Syokimau  360 120 240 33% 

From Table 4.6 above, the study established that the utilisation level of parking at Athi River 

Station was at 10% while that at Syokimau Station was at 33%. This study finding therefore fully 

supported the proposition that the car parking at Athi River Station has low utilization. However, 

the utilized parking at Syokimau Station was also quite low at 33%, with a decreasing trend in 

current times. The station master for Syokimau Station indicated that before the opening of the 

Nairobi Expressway, the station had quite a good turnout of car users as the parking would nearly 

be full to capacity. The development of the Nairobi Expressway is deemed to have contributed to 

the drop in commuter numbers probably due to the reduction of congestion along the traversed 

corridor, thus making car users to choose to travel all the way to Nairobi CBD and environs.  

4.7. Performance Assessment for the Stations 

As discussed in Sub-chapter 2.7.1, the performance of the stations was assessed on the basis of 

seven (7) key criterion items that influence the functioning and success of a P&R Station. Each of 

the criterion item was assigned a percentage weight to enable a rational evaluation (Manns, 2010) 
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on a rule of thumb basis and depending on its significance in the whole P&R ecosystem. This was 

carried out as follows: 

 the most significant determinants on the success of P&R (attaining expected ridership and 

utilizing the parking effectively) were each assigned more than a quarter of the total 

percentage weight, each at 30% thus taking 60% of the total percentage weight of 100%.  

 moderately significant determinants (commuters’ preferences of travel and the operating 

schedule convenience) were assigned percentage weights in the range of 10% to 25%. 

 Other less significant determinants received less than 10% each from the total percentage 

weight.  

Table 4.7 below gives a summary of the performance assessment. The table contains the criterion 

description, remarks on importance of each criterion, assigned percentage weight for each 

criterion, the results obtained for each criterion per station and its final weighted score (obtained 

by multiplication of the assigned % weight by the results obtained from the survey). The overall 

performance index per station was obtained by summation of all the criterion weighted scores. The 

reference source of the input data (results) was also included. For clarity, it is further noted that 

the results applied to weight the criterion for developing socio-economic facilities like shopping 

premises/mini malls within the station area as obtained in Table 4.5(a) and (b) was based on the 

negative response obtained which indicates that the status quo of the stations is to be maintained. 

In that way, its performance before the development of the facilities will have been gauged. 
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Table 4.7: Performance Assessment Results for ACRS & SCRS (Source: Author, 2023)   

 

S/No. 
Criterion Description 

Remarks on Importance 

of the Criterion 

Assigned 

% 

Weight 

ACRS 

Results 

(%) 

SCRS 

Results 

(%) 

Weighted 

Criterion 

Score for 

ACRS 

Weighted 

Criterion 

Score for 

SCRS 

Results Source & 

Reference  

1 

Attraction and attainment 

of the expected train 

ridership numbers 

This is main priority for the 

P&R service  
30.0 61.0 73.0 18.3 21.9 

KRC                  

(Table 3.1) 

2 

Utilization levels of the 

provided parking 

facilities 

Utilised parking signifies 

relevance of the facility to 

the P&R concept  

30.0 10.0 33.0 3.0 9.9 
Researcher (Table 

4.6) 

3 

Meeting the key 

commuter preferences of 

travel by commuters in a 

transport system  

Includes saving on time 

and cost, safety, security 

and comfort 

15.0 77.0 78.9 11.6 11.8 

Respondents 

(Tables 4.2(a) & 

4.2(b) 

4 
Convenience of the 

operating train schedules 

A commuter preference 

parameter that covers both 

car users and non-car users 

10.0 48.1 70.3 4.8 7.0 

Respondents 

(Tables 4.4(a) & 

4.4(b) 

5 
Convenience of the 

parking  

Affects car users accessing 

the parking facility 
6.0 75.0 76.5 4.5 4.6 

Respondents 

(Tables 4.3(a) & 

4.3(b)  
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S/No. 
Criterion Description 

Remarks on Importance 

of the Criterion 

Assigned 

% 

Weight 

ACRS 

Results 

(%) 

SCRS 

Results 

(%) 

Weighted 

Criterion 

Score for 

ACRS 

Weighted 

Criterion 

Score for 

SCRS 

Results Source & 

Reference  

6 

No need for socio-

economic facilities in or 

near the station 

(shopping, eateries, etc). 

These are not provided at 

the moment. 

Not the main focus for the 

developing P&R facility 

but may influence usage 

and replanning of the 

station 

5.0 25.9 18.9 1.3 0.9 

Respondents 

(Tables 4.5(a) & 

4.5(b) 

7 

Station is serving the 

effectively influence area 

and locational distance of 

commuter residences up 

to 5Km radius 

Instrumental to future 

forward planning by 

authorities but not of 

immediate importance to 

commuters transport  

4.0 78.0 76.0 3.1 3.0 

Respondents 

(Figures 4.5(a) & 

4.5(b) 

  Overall  100.0     46.6 59.2   

As can be seen from Table 4.7 above, ACRS (Athi River Station) attained an overall performance score of 46.6% which is categorised 

as unsatisfactory performance while SCRS (Syokimau Station) achieved 59.2%, which is fair performance as per performance rating 

ranges given.  
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4.8. Challenges Encountered in the Field Investigation 

The main challenge that the researcher had to contend with was how to administer the 

questionnaires. This was envisaged at the start of the survey considering that commuters are 

always in a rush and may not afford time to fill a lengthy questionnaire. However, with the 

help of KRC staff, it was agreed that commuters would be issued with the questionnaire during 

boarding of the train and also given pencils for filling for those who didn’t carry any pen. The 

questionnaires would then be collected during disembarking from the station on the exit end. 

This would require coordination at the departure and arrival station and could only be handled 

authoritatively by the KRC officers and it was effective for the survey. Some commuters 

however requested to go with the questionnaires at their workplace or home depending on the 

trip direction to fill and drop them back either in the evening or the following day for those in 

the evening trip from town. This group of commuters may have contributed to the percentage 

of unreturned questionnaires. 

5. Conclusion and Recommendations 

5.1. Introduction  

This study aimed at evaluating the performance of P&R stations in NMA with a focus on Athi 

River and Syokimau Railway Stations and giving proposals to improve the performance and 

utilization of the P&R service. This chapter presents the research summary from study findings 

analysed and discussed in the previous chapter. Conclusions are drawn from these findings in 

with appropriate recommendations made to address the research objectives. Finally, some 

proposed areas of further research are proffered based on some of the study findings. 

5.2.     Summary of Main Findings 

The objectives of the study are further explored in terms of how the study managed to actualise 

each. These are distinctly discussed in the succeeding sub-topics.  

5.2.1. Regarding the first objective: To investigate best practice in planning and 

development of P&R stations, the study described best practices in development of 

P&R schemes from experiences across the world in Chapter 2. The approaches 

were identified, discussed, and illustrated in diagrams. The content is proposed in 

laying out strategies for developing new P&R stations not only for the Nairobi 

Metropolitan Area but also across other emerging cities and towns in the republic 

of Kenya. In particular, the following is emphasised:  
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a) Land Use and Urban Transport Integration - Good land use practise keeps common 

activities like housing and food market close while placing higher-density 

development closer to transportation lines and hubs. Poor land use on the other hand 

concentrates activities like jobs far from other vital destinations like residential 

housing zones. In brief, land use and transportation systems are closely intertwined, 

and models that are used in supporting transportation planning need integration 

with land use models for best results.  

b) Conceptualisation, planning, design and development of a P&R station - this 

requires a structured process right from city planning to ensure the facility is in 

harmony with city development masterplans or blueprints that have focus on land 

use. Key considerations are: 

 As a transport hub for ensuring smooth transfer from one mode to another 

mode.  

 As an open space to revitalize the urban location or district where the facility is 

situated thereby promoting community interaction. 

The flow diagram in Figure 2.1 summarised the whole process ranging from 

planning concepts through facility design and subsequent construction. 

c) Facility location - a checklist of site selection criteria was proposed for application 

in making location decisions and pegged upon: - 

(i) Assurance of strong patronage demand – the following rules of thumb can be 

used to decide the location of applicable site alternatives for evaluation 

among other patronage factors: 

 Geographic affinity to activity centres served.  

 Minimizing auto access time.  

 Maximizing the facility’s visibility in the urban space.  

(ii) Provision for integration with the community - choosing P&R site 

alternatives that provide for improved integration of the facility with the 

surrounding community enhances the economic benefit that the lot can bring 

to area businesses, and the ability of such facilities to develop a transit-

oriented suburban market. 

(iii) Reduction of the financial impact and risk to the implementing agency - 

Trade-offs between the expected life-cycle operating costs and capital costs 

of site acquisition and construction should be evaluated through a NPV 

analysis. Of significance is designing P&R schemes to complement the local 

service rather than compete them. 

d) Influence Area and Demand Estimation - The station influence area is critical to 

establish as this will be the source of users of the facility. This includes getting the 

current daytime and night-time population and the future development potential. 

The economically acceptable station influence area is in the range of up to 5km 

radius. This zone is also expected to be characterised by intense residential 

developments which ultimately generate the commuter numbers. If a feeder 

connector bus network is required, an evaluation of the characteristics of the 

coverage area must be done including considerations for improvement of the 

transport routes linking the station to various neighbourhoods. 
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5.2.2. Regarding the second objective: To establish the influence areas and their 

significance in contributing to ridership numbers to ACRS and SCRS, the study 

found out that the significant sources of commuters for ACRS and SCRS were Athi 

River and Syokimau Residential areas at 56% and 85% respectively. Additionally, 

more than three quarters of respondents for both stations were found to be from 

within the 5Km radius as required of effective P&R stations with ACRS at 78% 

and SCRS at 76%.  The distances covered by most of the commuters were therefore 

within the acceptable range as recommended for both stations.  

The importance of this objective was to confirm where the stations were suitably 

serving the desired spatial areas in terms of facility location as discussed under sub-

chapter 2.4.3.2. Ascertaining the influence area sets the stage for development of 

abutting undeveloped land with residential housing in mind in what may be a 

transit-oriented approach to beef up the source of commuters and boost the 

ridership numbers for these stations. This observation is also in tandem with the 

aspirations of the Mavoko Integrated Strategic Urban Development Plan which 

proposes adoption of a Transit Oriented Development approach in Mavoko Sub-

county and as expounded in section 3.4.1.2 of this report. The sub-county is also 

the host for the two research stations. 

5.2.3. Regarding the third objective: To find out the utilization levels of the P&R service at 

ACRS and SCRS and reasons behind such levels, the survey established some facts 

about the station as follows: 

a) The reasons for preferring the P&R service fronted by the researcher which were 

avoidance of traffic jams, saving on time and cost, safety and security were all 

validated by the respondents at 77% by ACRS users and 79% by SCRS users. 

However, at ACRS, saving on time and cost was most unpopular reason for using 

the service among all the reasons, registering 21% while the other reasons 

registered less than 10% response. This finding on saving on time further justified 

suggestions given by respondents on improving the service on the time and cost 

aspects, like introduction of faster trains and reduction of parking and fare rates. 

b) Assessment of car ownership statistics for the commuters revealed that ACRS did 

not have many users of personal cars accessing the Station as compared to the 

SCRS with both stations at 52% and 90% respectively in car use. The spatial review 

of the neighbouring residential area characteristics undertaken by the researcher 

showed that ACRS is surrounded by the low-income residential class, except for 
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the new middle class residential developments currently emerging on the left side 

of the Mombasa bound highway in Mavoko area. The older Athi River estate within 

the 3Km radius of ACRS is characterised by low-income earners who are unlikely 

to afford cars. This area was also the dominant in source of commuters to ACRS. 

Thus, ACRS doesn’t compare favourably with SCRS which is in the middle-

income residential bracket. The residential area characteristics have a direct bearing 

on car ownership and use and ultimately on success of a P&R facility.  

c) A further investigation of alternative means of access to the station by respondents 

revealed that 71% of respondents at ACRS often relied on walking against 41% in 

SCRS. Thus, walking was more prevalent in ACRS than in SCRS and therefore 

low utilization of the parking at ACRS. However, the station manager at SCRS also 

reported a reduction in number of car users accessing the station after 

commissioning of the Nairobi Expressway.  

d) Generally, convenience of the parking facilities in terms of affordability, payment 

mode, accessibility, security of cars and use by Persons with Disabilities (PWDs) 

were all validated by the respondents for the two stations with ACRS at 75% and 

SCRS at 76% respectively. This means that the car parking facilities as designed 

were suitable for use under the investigated aspects. However, suggestion on 

improvements were made by respondents like automation of parking payments, 

facility enhancement by provision of car sheds, car washing areas and security 

lights.  

e) In terms of train schedule convenience, only the evening train departing Nairobi 

CBD to ACRS at 5.50 pm was found to be convenient by commuters from Athi 

River with suggestions on a later morning departure time at ACRS and shortened 

journey times. This finding has negative bearing on usage of the P&R service at 

ACRS. On the contrary, SCRS which is served by various train trips in the morning 

and evening had respondents preferring some of the available train schedules. The 

7.15am DMU train which only takes 35 minutes to arrive at the CBD at 7.50am 

was most preferred in the morning with departure and arrival at 62% and 63% 

respectively. The most preferred evening schedule was for the commuter train 

departing from Nairobi CBD at 5.30pm and arriving at SCRS at 6.13pm with 

departure and arrival registering 79% and 76% preference by commuters 

respectively. 

f) In ACRS, the largest portion of respondents in terms of age range was the 45 - 54 

years of age at 37% while SCRS had the 35 - 44 years age bracket dominant at 
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44%. The older generation of commuters at ACRS may be attributed to low reliance 

on personal cars unlike the younger generation at SCRS which may fancy cars than 

their older folks. 

5.2.4. Regarding the fourth objective: To determine the suitability of ACRS and SCRS as 

P&R stations and make appropriate recommendations towards their improvement, 

several findings were made based on convenience of the P&R service to commuters 

as well as their preferences. These are summarised as follows:  

1. Most commuters for ACRS accessed the station by walking as shown in Section 

6.2.3 above. Thus, provision of parking space at ACRS should have been minimal 

with the station adopting a simplistic pick-and-drop concept in the station 

development. 

2. Over 65% of respondents in ACRS preferred to have a PSV or railway connector 

bus in their residential area to help in accessing the station as compared to 55% at 

SCRS. This implies that most commuters within the ACRS residential area needed 

public transport to access the station thus negating the P&R concept. 

3. 69% and above and 65% and above of respondents at ACRS and SCRS respectively 

agreed that land use changes and station area transformation were necessary to 

create the following: 

 shopping premises or mini malls within the station area to allow commuters to 

shop for basic items on their way home in the evening. 

 recreational facilities like landscaped mini parks with benches or a fitness gym 

to liven or energize commuter experience at the stations. 

Lastly, the theories identified as anchors for this study by the researcher, i.e., Systems theory, 

Actor Network theory and Rhizomes theory as discussed in sub-chapter 2.3 were all found to 

be very relevant for a study of this nature and the subsequent findings pegged on P&R 

performance. 

5.3. Study Conclusion  

The researcher proposed and applied a weighted criteria to assess performance aspects of the 

stations in substantially meeting perceived needs of a P&R effectively and efficiently. The 

analysis and findings were documented in Section 5.7 of this report. The conclusion on 

performance aspects as envisaged under each criterion are further discussed as follows: 

a) Whether the stations managed to attract and attain the expected train ridership numbers – 

from the statistical data given by KRC and final analysis in Table 4.1, the average train 



 

Page 72 of 139 
 

ridership percentages of 61% at ACRS is fair performance. At SCRS, the ordinary 

commuters train achieved 73% while the DMU scored 82% due to its higher speed and 

preference by commuters. The attainment of ridership numbers is therefore rated as good 

at SCRS. 

b) Utilization levels of the provided parking facilities – based on the data in summary Table 

5.6, both stations are performing way below expectations at 10% for ACRS and 33% for 

SCRS in utilization of the provided parking. This is unsatisfactory performance and 

needs further attention. 

c) Whether the P&R service meets the commuter preferences of travel in a transport system 

which are avoidance of traffic jams, saving on travel cost and time, safety and comfort – 

both the stations under the study were found to meet this criterion as analysed under 

section 5.4.3 of the report. The commuter preferences of travel were validated at 77% for 

ACRS (Table 5.2(a)) and 78.9% for SCRS (Table 5.2(b) respectively, which are good 

performance ratings. 

d) Convenience of the train operating schedules to commuters – the train schedule operated 

at ACRS bound train was rated as unsatisfactory at 48.1% (Table 5.4(a)) while the SCRS 

bound trains schedules were rated as good at the bare minimum threshold value of 

70.3%. (Table 5.4(b)). Improvement of the train schedule particularly for Athi River train 

is therefore needed. 

e) Convenience of the parking facility –the parking convenience was validated at 75% and 

76.5% for ACRS and SCRS as can be seen in Table 5.3(a) and Table 5.3(b) respectively. 

Thus, both stations were found to good for parking by commuting car users. 

f) How commuters rated the need for unavailable socio-economic facilities of benefit to 

them like shopping or recreation in the stations– both stations registered a very low 

percentage that did not want socio-economic facilities to be developed, with ACRS at 

25.9% and SCRS at 18.9% respectively (Tables 5.5(a) and 5.5(b)). This implies that the 

stations are unsatisfactory in their current status and therefore require these 

collaborative services to liven and enhance the commuter experience at the stations. 

g) Assessment of how the stations have effectively served the influence area – the key 5km 

radius of influence area of the stations was the predominant source of commuters at over 

75% in both cases (Figures 5.5(a) and 5.5(b)). It is therefore concluded that both stations 

were ideally well situated to effectively serve the influence area. The outcome of this 

measure is that it qualified the potential for re-development of idle land within the 

influence zone to provide more residential housing which shall impact positively the P&R 

stations in generating ridership numbers. 
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In summary, ACRS at 46.6% and below average was rated as unsatisfactory in terms of the 

weighted performance encompassing all the seven criterion items while SCRS at 59.2% was 

rated as fair. Thus, ACRS is not functioning well as a suburban P&R station. It is also noted 

that none of the criterion achieved very good or excellent rating (the desired measure of highest 

level of efficient performance) in both stations thus more attention targeting the criterion items 

assessed is required to boost performance of the stations as discussed elsewhere in the report.  

Arising from the evaluated performance for the stations, some key observations and 

conclusions are further made regarding the various aspects assessed as follows: 

 In terms of the station influence area, it is emphasized that future stations be cognizant of 

the existing surrounding land use within the critical radius of influence of up to 5km to 

inform on the ridership numbers expected and the nature of the facility to be adopted. For 

this study, it was evidential that Athi River Station could have simply served as a pick-and-

drop station while Syokimau Station started well as a P&R station before development of 

the Nairobi Expressway. In this regard, the impact of emerging developments in the urban 

space pertaining land use and urban transportation needs to be well evaluated to just be 

sure that other existing facilities constituting major public investments do not suffer 

negatively. The commissioning of the recent Nairobi Urban Expressway and its impact on 

the existing P&R stations along the Mombasa Road Corridor such as Syokimau Station is 

a case in point. Cognizance is also made of the Mavoko ISUDP discussed in sub-chapter 

3.4.1 which is likely to shape developments for the area in the coming future.  

 The underlying reasons for the current low utilization levels of the P&R service were 

investigated with a bearing on ACRS with the same survey also extended to SCRS for 

comparison. In addressing this objective, understanding of commuters’ preferences, car 

ownership statistics and convenience of the service to them were key in helping establish 

some facts on service utilization levels. Car use by commuters was found to be quite low 

at ACRS with the greatest number accessing the station by walking while convenience of 

the time schedule elicited substantial negative responses at ACRS than at SCRS. In 

particular, the morning train departure and arrival timings at ACRS all emerged as quite 

unpopular for commuters. Suggestions to introduce new schedules and shorten journey 

times by running modern and faster trains were advanced by respondents in the qualitative 

part of the survey.    

 The ultimate objective of determining suitability of ACRS as a P&R station or otherwise 

was investigated and crucial findings made. Precisely, the survey produced a significant 

number of respondents who accessed the station by walking as well as those who needed a 
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connector bus or PSV to access the station. This signifies that ACRS was not suitably 

placed to function as a P&R station. Additionally, the researcher’s statements on land use 

changes and station area re-configuration to create shopping and recreational facilities 

which were evaluated on a Likert scale were significantly agreeable to the respondents as 

analysed in Tables 5.5(a) and 5.5(b). The characteristics of surrounding land use therefore 

have a direct bearing on decisions pertaining the location of the P&R station. 

 Suburban P&R stations need to be located in areas with a low catchment of low to medium 

density housing of residential nature and characterized by limitations of access by walking, 

cycling or connector buses. This is coincidentally the classical case for Syokimau Station 

which is isolated on one side of the Mombasa Road transit corridor which has purely 

commercial and manufacturing establishments with residentials located some kilometres 

away. Implementing P&R schemes in locations with potential for high density mixed-use 

developments in the vicinity will deliver significant patronage by walking population in 

future and could make the park-and-ride concept fail in the long run. Moreover, a land use 

shift that supports transit-oriented development in appropriate locations and less effective 

feeder bus, walking and cycling options will also need to be factored so as not to water 

down the car user effect for the P&R concept. 

In conclusion, the research findings made were also found to be largely consistent with some 

studies undertaken in the thematic area. The study by Ginn (2009) on application of P&R and 

TOD concepts in developing a new framework to maximise public transport usage established 

that reasonable access distance up to 5km within a TOD, presence of other facilities like 

convenience stores, cafes and safety and security are key in maximising patronage. Evans et 

al. (2003) on traveller response to transportation system changes found out that changes 

affecting train schedules and the travel time like faster means have transformational changes 

to travellers’ response. 

5.4. Study Recommendations  

Based on the research summary of findings and conclusions documented here above, this study 

recommended some short-term and medium to long term measures and strategies for action by 

the transit infrastructure provider and operator, i.e. KRC. The short-term measures are 

proposed to be implemented within two (2) years in resolving the low levels of utilization of 

Athi River Station commuter train service as envisaged in the fourth objective of this study: 
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5.4.1. Short Term Measures  

I. For Athi River commuter train, schedule morning departure time of 7.00am at the 

earliest and maintain the 5.50pm evening departure time from Nairobi Central Station.  

II. Develop and introduce differentiated affordable fares for train trips to Athi River 

Station (at least 2 in each direction) considering peak and off-peak hours for increased 

patronage of the service. 

III. Carry out media campaigns on the existence and use of commuter trains not only for 

Athi River area but also on the rest of Nairobi Metropolitan Area (NMA) rails to 

enlighten the urbanites. 

IV. Obtain constant feedback from commuters on facility and service performance and 

make informed appropriate decisions for future sustainability. 

5.4.2. Medium and Long-Term Strategies  

The following medium-term and long-term strategies have been justified by the research 

findings and are highly recommended for Athi River Station. The same may be investigated to 

confirm applicability for other P&R stations in NMA. These are proposed in a period ranging 

from over two years to ten years. 

I. Introduction of faster trains to and from Athi River Station (preferably DMU) to 

minimize journey time to less than one (1) hour on the maximum. 

II. Introduction of railway connector buses in Nairobi suburbs railway stations where car 

affording commuter numbers is doubtful to boost the ridership numbers. The same 

should be enhanced at Nairobi Central Station with various buses circulating to key 

work zones like Upper Hill, Industrial Area, and Westlands among others in Nairobi 

City. 

III. Review of the concept for Athi River Station and reconfiguration of the station area in 

light of the under-utilized parking area to create station plaza with mini shopping malls, 

restaurants, and recreational facilities as necessary like gymnasiums among others. 

This should also apply for other commuter rail stations in NMA without such facilities 

and where space allows. 

IV. Collaboration with stakeholders in the station locality and in particular Machakos 

County Government and the adjacent landowners towards re-planning to transform and 

revitalize the station coverage and catchment zone. This should be done with the 5Km 

radius influence area in mind and as may be guided by the Mavoko ISUDP. Zoning 

and restriction measures that promote transit-oriented land use developments in the 
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P&R facility environs are very beneficial for integration success. In the long run, this 

collaboration will translate to economic benefits to all. 

V. KRC through its parent Ministry of Roads and Transport should engage the concerned 

Road Authorities and the County Governments to improve the road network connecting 

the stations within the 5Km radius zone of influence for ease of access and mobility by 

connector transport and passenger cars.  

5.5. Suggested Areas for Further Research 

The proposed areas for additional research from this study include: 

a) Impacts of major land use and transport development undertakings on existing P&R 

stations. 

b) Technological advancements that can be implemented to transform P&R stations in 

Nairobi Metropolitan Area (e.g., introduction of modern trains or overhauling of the 

railway). 

c) Impacts of low or high parking fee in the CBD on the utilization of P&R stations. 

d) Economic appraisal of P&R stations in Nairobi Metropolitan Area. 
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Abstract 

This paper presents a comprehensive analysis of the Symbol Error Rate (SER) performance of 

M-ary Quadrature Amplitude Modulation (M-QAM) signals over correlated Rayleigh fading 

channels in the presence of additive white Gaussian noise (AWGN). The study focuses on 

three widely employed diversity combining techniques, namely Maximum Ratio Combining 

(MRC), Equal Gain Combining (EGC), and Selection Combining (SC). A unified closed-form 

approximate expression for the SER under the considered diversity schemes is derived, 

incorporating the effects of fading correlation, noise, and modulation order. The analytical 

formulation provides a tractable means of evaluating system reliability while enabling direct 

performance comparison among the three combining strategies. To assess the accuracy of the 

proposed expression, extensive Monte Carlo simulations are conducted using MATLAB, and 

the results confirm a high degree of consistency with the theoretical predictions. The findings 

demonstrate that correlation among diversity branches and the severity of fading significantly 

influence the error performance, thereby offering valuable insights for the design and 

optimization of diversity-assisted wireless communication systems operating in multipath 

fading environments. 

Key words: MRC, EGC, SC, Rayleigh fading, diversity reception, correlated channels, Monte 

Carlo simulation 

1. Introduction 

The continuous evolution of wireless communication technologies has intensified the demand 

for high data rates, improved spectral efficiency, and reliable connectivity. Despite these 

advances, system performance remains fundamentally constrained by multipath fading and 

additive white Gaussian noise (AWGN), which cause random fluctuations in the amplitude 

and phase of received signals [1]. Among the different fading models, the Rayleigh distribution 

is widely used to characterize non-line-of-sight (NLOS) propagation environments, 

particularly in dense urban areas and indoor wireless networks [2], [3]. Under such conditions, 

the probability of symbol detection errors increases significantly, necessitating the deployment 

of robust error-mitigation strategies. 

mailto:edwinomosa@gmail.com
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Diversity combining techniques are among the most effective methods for combating fading, 

as they exploit independent replicas of a transmitted signal captured through multiple antennas 

or propagation paths [4]. Three classical schemes have been extensively investigated: 

Maximum Ratio Combining (MRC), Equal Gain Combining (EGC), and Selection Combining 

(SC). MRC is theoretically optimal since it weights each branch according to its instantaneous 

signal-to-noise ratio (SNR), but it requires accurate channel state information (CSI) and entails 

high computational complexity. EGC reduces CSI requirements by coherently combining 

signals with equal amplitude weighting, though at some cost in performance relative to MRC. 

SC, on the other hand, offers a low-complexity approach by selecting the branch with the 

maximum SNR, albeit with inferior error performance compared to MRC and EGC [1], [3]-

[6]. 

Over the past two decades, extensive research has focused on evaluating the SER of digital 

modulation schemes in fading environments. For example, closed-form SER expressions for 

M-ary Phase Shift Keying (M-PSK) and M-QAM under independent Rayleigh fading channels 

are well established in the literature. Analytical frameworks relying on conditional error 

probabilities, moment-generating functions, and Q-function approximations have provided 

valuable insights under idealized fading assumptions [7]-[9]. However, independent fading is 

rarely encountered in practice. Spatial and temporal correlation, often caused by limited 

antenna spacing, shared scatterers, or restricted propagation diversity, introduces dependencies 

across fading channels that can significantly degrade performance. 

Recent works have extended error analysis to correlated fading environments, particularly in 

the context of multiple-input multiple-output (MIMO) systems, spatial modulation, and 

generalized fading models such as Nakagami-m, Ricean, and Weibull [10], [11]. These studies 

underscore the role of correlation modeling through frameworks such as Kronecker-based 

approaches and eigenvalue decompositions [10], [11]. 

Nevertheless, most existing analyses are restricted to specific receiver architectures, 

interference-limited systems, or alternative modulation formats. A unified, tractable SER 

framework for higher-order M-QAM in correlated Rayleigh fading channels with AWGN 

MRC, EGC and SC remains largely unexplored. Moreover, several existing models rely on 

idealized uncorrelated assumptions or lack thorough simulation-based validation across a wide 

range of modulation orders and correlation regimes. 

Motivated by these gaps, this paper develops a comprehensive analytical framework for 

evaluating the SER of M-QAM under correlated Rayleigh fading and AWGN with different 
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diversity combining strategies. This problem is of particular importance given the widespread 

use of M-QAM in communication standards such as Wi-Fi, LTE, and 5G New Radio (NR), 

where optimizing trade-offs between performance, complexity, and implementation cost is 

critical. 

The objectives of this study are: 

1) To derive a closed-form approximate expression for the SER of M-QAM signals over 

correlated Rayleigh fading channels with AWGN under unified MRC, EGC, and SC 

combining. 

2) To validate the analytical framework through extensive Monte Carlo simulations across 

different modulation orders and correlation scenarios. 

The main contributions of this work are summarized as follows: 

1) Develop a compact analytical expression that captures the combined effects of fading 

correlation, modulation order, and AWGN for a unified MRC, EGC, and SC. 

2) Integrate correlation models into SER analysis, bridging the gap between idealized 

independent-fading assumptions and realistic propagation environments. 

3) Verify the proposed expressions through Monte Carlo simulations, demonstrating their 

accuracy and robustness under diverse operating conditions. 

Notation 

Throughout this paper, bold uppercase symbols are employed to represent matrices, 

whereas scalars are denoted using standard letters. The notation Q(⋅) refers to the Gaussian 

Q-function. Furthermore, E[⋅], (⋅)∗, and (⋅)H are used to denote the expectation operator, 

complex conjugation, and Hermitian transpose, respectively. 

2. System Model 

 

Figure.1 illustrate the correlated system diversity model implementation. 
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An L-branch diversity system is considered. The correlated signals received from the L 

branches are combined using any diversity combiner e.g. MRC, EGC and SC, and equalized 

so as to obtain the estimate of the symbol 𝑥́ (0, 𝑐) sent by the transmitter. Where c represents 

the type of combiner. If the estimated symbol passes through a channel with a combined 

coefficient, ℎ̂ (0, 𝑐) then the combined signal output, 𝑟́(0,c) = ℎ̂ (0, 𝑐)𝑥́ (0, 𝑐). To analyze the 

𝐿 correlated signals, the combined signal output goes through a power splitter where a 

transformer decompose them into L independent symbols, 𝑥́́(𝑚,𝑐), 𝑚 ∈  [1: 𝐿] as illustrated in 

Figure 1. A transformer that can be applied in such a scenario is the Eigenvalue Decomposition 

(EVD) [10]-[12] 

a. Correlated signal under Rayleigh 

In diversity systems, the modulated correlated signal collected by the receiver of the Lth branch 

can be expressed as [12]:  

                                                   𝑠𝑘 =∝𝐿 𝑒
𝑗𝛹𝐿𝑥𝑚 + 𝑛𝐿                                                                 (1)  

where xm is the transmitted symbol, ∝𝐿 denotes the random amplitude following a Rayleigh 

distribution, with E[∝𝐿
2] = 2𝜎𝐿

2. The parameter 𝛹𝐿  represents a stochastic phase process, 

while 𝑛𝐿 corresponds to additive zero-mean Gaussian noise. The noise components are 

assumed to be mutually uncorrelated and statistically independent of the transmitted signal. 

By using the conventional method, a system correlation can be modeled. Taking the correlation 

coefficient between the lth and the ith branch to be 𝜌𝑙𝑖 . This can be expressed as 10]-[12]: 

                                                𝜌𝑙𝑖 =
𝐸[ℎ̂𝑙ℎ̂

∗
𝑖]

√𝜎ℎ̂𝑙
2 𝜎

ℎ̂𝑖

2
, 𝑖, 𝑙 = 1,2, …  𝐿                                                          (2) 

where 𝜎ℎ̂𝑙
2 is the variance of the random variables (RV) ℎ̂𝑙 and 𝜎ℎ̂𝑖

2  is is the variance of the RV 

ℎ̂𝑖 . 

Let R denote the normalized correlation matrix, which can be expressed as [13], [14]: 

                                                       𝑹 = (

1 𝜌12     ⋯ 𝜌1𝑙
𝜌12 ⋮ 1      ⋱ 𝜌2𝑙 ⋮
𝜌𝑙 …      ⋯ 1

)                                                    

(3) 

The matrix R is considered positive-definite and, therefore, has strictly positive eigenvalues 

[2], [8]. By applying eigenvalue decomposition (EVD), R can be represented in terms of its 

orthogonal eigenvectors and corresponding eigenvalues. This transformation is typically 

realized through an eigen-filtering process, as described in [12]-[15]. 
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                                                                  Ʌ = 𝑸𝑹𝑸𝐻                                                                   (4) 

  where Q denotes the matrix composed of eigenvectors, while Ʌ represents the diagonal matrix 

containing the positive eigenvalues. The EVD process produces Q, whose rows form an 

orthonormal basis, thereby making Q a unitary matrix. Consequently, it satisfies the property 

𝑸𝐻=𝑄−1. The transformation network defined by Q is reciprocal in nature. Therefore, Q 

functions as the eigen-filter or diversity de-correlator, providing the output through a unitary 

transformation of the input. 

b. Eigen-filter Operation 

The purpose of the eigen-filter diversity de-correlator is to de-correlate received envelop signal 

vector 𝒓̂𝑐,𝑑 of length L. Generally, a filter hf of length L, would be needed to produce a new 

uncorrelated signal estimates 𝒙̂̂𝑐,𝑑. the filter output vector is customary expressed as 𝒙̂̂0,𝑑 

=𝒉𝑓
𝐻𝒓̂𝑐,𝑑 [15]. As a result, the signal power at the output of the filter is written as [12], [15]: 

𝑝0,𝑑 = 𝐸 [|𝒙̂̂0,𝑑|
2
] 

                                                                       =(𝒉𝑓
𝐻𝒓̂𝑐,𝑑)(𝒓̂𝑐,𝑑

𝐻 𝒉𝑓) 

 = 𝒉𝑓
𝐻𝑹̂𝒉𝑓 

                                                                       =𝒉𝑓
𝐻(𝑸̂𝐻 Ʌ̂𝑸̂)𝒉𝑓                                                      (5) 

                                                                       =√Ʌ̂(𝑸̂𝒉𝑓)
𝐻
√Ʌ̂(𝑸̂𝒉𝑓) 

where 𝑹̂ = 𝒓̂𝑐,𝑑𝒓̂𝑐,𝑑
𝐻  is the autocorrelation of 𝒓̂𝑐,𝑑 and Ʌ̂ contains the eigenvalues of 𝑹̂. Also, 

the autocorrelation 𝑹̂= R and Ʌ̂ = Ʌ  [16]. 

Choosing the filter coefficients vector to be 𝒉𝑓 = 𝑸̂, rewriting, Equation (5) becomes: 

                                                             𝑝0,𝑑=𝒉𝑓
𝐻(𝑸̂𝐻 Ʌ̂𝑸̂)𝒉𝑓 

                                                                    =√Ʌ̂(𝑸̂𝒉𝒇)
𝐻
√Ʌ̂(𝑸̂𝒉𝑓)                                               (6) 

                                                                    =√Ʌ̂(𝑸̂𝑸̂)
𝐻
√Ʌ̂(𝑸̂𝑸̂) 

From Equation (6), the equivalent channel coefficient corresponding to the Lth output branch 

can be written as: 

                                                      ℎ̂𝐿 = √𝝐𝐿𝑸̂𝐿𝑸̂𝐿 = √𝝐𝐿𝑸̂𝐿𝒉̂̂                                                      (7) 

where 𝝐𝐿 ∈  Ʌ  and 𝑸̂𝐿 represents the kth column of 𝑸̂. The term 𝒉̂̂𝐿 denotes the approximated 

Rayleigh fading channel in a correlated system, characterized by a complex coefficient whose 

amplitude follows a circularly symmetric complex Gaussian distribution, CN(0,1), while the 

phase is uniformly distributed over (0, 2𝜋). As established in [16], the resulting product yields 
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statistically independent entries. Hence, the correlated branches can be regarded as eigenvalue-

weighted representations of otherwise independent fading paths. Normally, Q is computed 

from R or given. Therefore, this paper provides a blind filter matrix Q that does not consist of 

the evaluation of R 

Performance of MQAM in AWGN channel  

In this segment, the consequences of Rayleigh Fading with MQAM are assessed. The SER will 

be used as the measure of performance. 

The SER of square MQAM at an instantaneous signal-to-noise ratio, 𝛾𝐿 = ℎ
2 𝐸𝑠

𝑁0
 in AWGN 

channel is expressed as [1], [2], [7], [17], [18]: 

                 𝑆𝐸𝑅𝑀𝑄𝐴𝑀 = 4(1 −
1

√𝑀
)𝑄 (√

3𝐸𝑠

𝑁0(𝑀−1)
) − 4 (1 −

1

√𝑀
)
2

𝑄2 (√
3𝐸𝑠

𝑁0(𝑀−1)
)                     

(8) 

ℎ2 denotes the instantaneous power of the fading channel, where h is a random variable 

representing the channel gain. The ratio 
𝐸𝑠

𝑁0
= 𝛾 corresponds to the symbol energy-to-noise 

power density in an AWGN channel without fading. By defining 𝑎 = (1 −
1

√𝑀
) and 𝑏 =

3

𝑀−1
, 

the preceding expression simplifies to: 

                                              𝑆𝐸𝑅𝑀𝑄𝐴𝑀 = 4𝑎𝑄(√𝑏𝛾) − 4𝑎2𝑄2(√𝑏𝛾)                                      (9) 

Q is the Marcum Q-function, 𝑄(√𝑏𝛾) 𝑎𝑛𝑑 𝑄2(√𝑏𝛾)are given by Craig’s formula as [19]: 

                                         𝑄(√𝑏𝛾) =
1

𝜋
∫ 𝑒𝑥𝑝 (−

𝑏𝛾

2𝑠𝑖𝑛2𝜃
)𝑑𝜃

𝜋

2
0

                                                    (10) 

                                          𝑄2(√𝑏𝛾) =
1

𝜋
∫ 𝑒𝑥𝑝 (−

𝑏𝛾

2𝑠𝑖𝑛2𝜃
)𝑑𝜃

𝜋

4
0

                                                  (11) 

Solving for 𝑄(√𝑏𝛾) 𝑎𝑛𝑑 𝑄2(√𝑏𝛾) using the trapezoidal rule, they become: 

                                      𝑄(√𝑏𝛾) =
1

2𝑛
(
𝑒−𝑏𝛾/2

2
+ ∑ 𝑒

−(
𝑏𝛾

2𝑠𝑖𝑛2(
𝑘𝜋
2𝑛
)
)

𝑛−1
𝑘=1 )                                     

(12) 
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                                   𝑄2(√𝑏𝛾) =
1

4𝑡
(
𝑒−𝑏𝛾

2
+ ∑ 𝑒

−(
𝑏𝛾

2𝑠𝑖𝑛2(
𝑘𝜋
4𝑡
)
)

𝑡−1
𝑘=1 )                                           

(13) 

By Letting n=2t and substituting the above Equations (12) and (13) in Equation (9) gives: 

𝑆𝐸𝑅𝑀𝑄𝐴𝑀 =
𝑎

𝑡
{
𝑒−𝑏𝛾/2

2
−
𝑎𝑒−𝑏𝛾

2
+ (1 − 𝑎)∑𝑒

−
𝑏𝛾
𝑆𝑖

𝑡−1

𝑖=1

+ ∑ 𝑒−𝑏𝛾/𝑆𝑖

2𝑡−1

𝑖=𝑡

} 

(14) 

Where t is the sampling frequency,  𝑆𝑖 = 2𝑠𝑖𝑛2𝜃𝑖  and 𝜃𝑖 =
𝑖𝜋

4
 

a. Performance of MQAM in AWGN channel under Rayleigh Fading 

If 𝛼 is the fading coeffient of Rayleigh fading channel with a probability density function 

(PDF) of 𝛾 = 𝛼2
𝐸𝑠

𝑁0
  expressed as  𝑓𝛾(𝛾) =

1

𝛾̅
𝑒𝑥𝑝 (−

𝛾

𝛾̅
) [2], [19] then the conditional SER for 

QAM is given as: 

         𝑆𝐸𝑅𝑀𝑄𝐴𝑀(𝑒| ∝
2) =

𝑎

𝑡
{
𝑒−𝑏𝛾/2

2
−
𝑎𝑒−𝑏𝛾

2
+ (1 − 𝑎)∑ 𝑒

−
𝑏𝛾

𝑆𝑖𝑡−1
𝑖=1 +

∑ 𝑒−𝑏𝛾/𝑆𝑖2𝑡−1
𝑖=𝑡 }                  

(15) 

Where 𝛾̅-is the average received signal to noise ratio 𝛾̅ = 𝐸[𝛾] = 𝐸 [𝛼2
𝐸𝑠

𝑁0
] = 𝐸[𝛼2]

𝐸𝑠

𝑁0
[12] 

Assuming 𝐸[𝛼2] = 1, then 𝛾̅=
𝐸𝑠

𝑁0
. 

The average symbol error probability of M-QAM in Rayleigh fading channel is expressed as 

[19]: 

                           𝑃𝑠𝑒𝑟 = 𝐸[𝑆𝐸𝑅𝑀𝑄𝐴𝑀(𝑒|𝛼
2)] = ∫ 𝑆𝐸𝑅𝑀𝑄𝐴𝑀(𝑒|𝛾)

∞

0
𝑓𝛾(𝛾)𝑑𝛾                            (16) 

Though substitution Equation (16) becomes: 

                   𝑃𝑠𝑒𝑟 = ∫
𝑎

𝑡

∞

0
(
𝑒−𝑏𝛾/2

2
−
𝑎𝑒−𝑏𝛾

2
+ (1 − 𝑎)∑ 𝑒

−
𝑏𝛾

𝑆𝑖𝑡−1
𝑖=1 +

∑ 𝑒−𝑏𝛾/𝑆𝑖2𝑡−1
𝑖=𝑡 )

1

𝛾̅
𝑒
−
𝛾

𝛾̅𝑑𝛾          
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(17) 

Solving Equation 17() result in Equation (18). 

                       𝑃𝑠𝑒𝑟 =
𝑎

𝑡
(
1

2

2

𝑏𝛾̅+2
−
𝑎

2
𝑋

1

𝑏𝛾̅+1
+ (1 − 𝑎)∑

𝑆𝑖

𝑏𝛾̅+𝑆𝑖

𝑡−1
𝑖=1 + ∑

𝑆𝑖

𝑏𝛾̅+𝑆𝑖

2𝑡−1
𝑖=𝑡 )                        

(18) 

b. Receive Diversity with N Receive Antennas 

For a SIMO system with L receive antennas the signal received on the Lth antenna is given as 

[10]-[16]: 

                                              𝑦𝐿 = ℎ𝐿𝑥 + 𝑛𝐿                                                                               (19) 

Where 𝑦𝐿is the received signal on the receive antenna,ℎ𝐿- channel gain on the Lth receive 

antenna, x- transmitted signal and 𝑛𝐿- noise on the Lth receive antenna which is modeled as 

AWGN. 

c. Diversity Combining with Maximal ratio combining (MRC) 

For MRC the PDF of the combined SNR is given as [4], [5]  

                                                     𝑓𝛾(𝛾) =
1

(𝐿−1)!𝛾̅𝐿
𝛾𝐿−1𝑒

𝛾

𝛾̅                                                          (20) 

Further, the SER for MRC can be expressed as 

                 𝑃𝑠𝑒𝑟_𝑀𝑅𝐶 = ∏ 𝐸[𝑆𝐸𝑅𝑀𝑄𝐴𝑀(𝑒|𝛾)] 
𝐿
𝑘 = ∫ ∏ 𝑆𝐸𝑅𝑀𝑄𝐴𝑀(𝑒|𝛾) 

𝐿
𝑘

∞

0
𝑓𝛾(𝛾)𝑑𝛾                   

(21)                                                          

 𝑃𝑠𝑒𝑟_𝑀𝑅𝐶 = ∫ ∏  𝐿𝑘
∞

0

𝑎

𝑡
{
𝑒−𝑏𝛾/2

2
−

𝑎𝑒−𝑏𝛾

2
+ (1 − 𝑎)∑ 𝑒

−
𝑏𝛾

𝑆𝑖𝑡−1
𝑖=1 +

∑ 𝑒−𝑏𝛾/𝑆𝑖2𝑡−1
𝑖=𝑡 }

𝛾𝐿−1

(𝐿−1)!𝛾̅𝐿
𝑒
𝛾

𝛾̅ 𝑑𝛾     

(22) 

Equation (22) can be solved using Moment Generating Function (MGF). MGF is defined as 

[20] 

                    𝑀𝛾(𝑠) = ∫ …∫ 𝑒𝑥𝑝(−𝑠 ∑ 𝛾𝑘
𝐿
𝑘=1 ) ∏ (𝑓𝛾(𝛾𝑘)𝑑𝛾𝑘)

𝐿
𝑘

∞

0

∞

0
= ∏ 𝑀𝛾𝑘

(𝑠) 𝐿
𝑘                     

 (23) 
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  where  

𝑀𝛾𝑘
(𝑠) = exp(−𝑠𝛾𝑘) 𝑓𝛾(𝛾𝑘)𝑑𝛾𝑘 =

1

𝛾𝑘
∫ exp [−𝛾𝑘 (

1

𝛾𝑘
− 𝑠)]

∞

0

𝑑𝛾𝑘 =
1

1 − 𝛾𝑘𝑠
 

For the case where L=1, Equation (22) reduces to Equation (18). Substituting Equation (18) 

into Equation (22) and solving results in: 

    𝑃𝑠𝑒𝑟_𝑀𝑅𝐶 =
𝑎

𝑡
[
1

2
∏

2

𝑏𝛾̅+2

𝐿
𝑘=1 −

𝑎

2
∏

1

𝑏𝛾̅+1
+ (1 − 𝑎)∑ ∏

𝑆𝑖

𝑏𝛾̅+𝑆𝑖

𝐿
𝑘=1

𝑡−1
𝑖=1 +𝐿

𝑘=1

∑ ∏
𝑆𝑖

𝑏𝛾̅+𝑆𝑖

𝐿
𝑘=1

2𝑡−1
𝑖=𝑡 ]  

(24) 

d. Diversity Combining with Equal gain combining (EGC) 

A unified formulation for the three conventional combining techniques can be obtained by 

incorporating the average received branch SNR, denoted as 𝛾̅. Accordingly, the expected 

output SNR for each EGC branch is expressed as [3], [5]: 

                                                  𝛾
𝑘,𝐸𝐺𝐶

= 𝜖𝑘
𝛾0,𝐸𝐺𝐶

𝐿
= 𝜖𝑘 (

1+(𝐿−1)
𝜋

4

𝐿
) 𝛾̅                                         (25) 

e. Diversity Combining with Selection combining (SC) 

On the same note as in EGC, the mean output SNR for each SC branch can be expressed as 

[16], [19]-[21]: 

                                                       𝛾
𝑘,𝑆𝐶

= 𝜖𝑘
𝛾0,𝑆𝐶

𝐿
= 𝜖𝑘 (

∑
1

𝑖
𝐿
𝑖=1

𝐿
) 𝛾̅                                             (26) 

Equation (25) and Equation (26) can be combined as: 

                                                             𝛾
0,𝐶
= 𝜖𝑘𝛽𝑐𝛾̅                                                                  (27) 

                                             Where 𝛽𝑐 =

{
 
 

 
 

𝛽𝑀𝑅𝐶 = 1 𝑓𝑜𝑟 𝑀𝑅𝐶

𝛽𝐸𝐺𝐶 =
1+(𝐿−1)

𝜋

4

𝐿
 𝑓𝑜𝑟 𝐸𝐺𝐶

𝛽𝑆𝐶 =
∑

1

𝑖
𝐿
𝑖=1

𝐿
 𝑓𝑜𝑟 𝑆𝐶

                                           

Substituting Equation (27 )into Equation (24), it becomes 

𝑃𝑠𝑒𝑟 =
𝑎

𝑡
[
1

2
∏

2

𝑏𝜖𝑘𝛽𝑐𝛾̅̅ ̅̅ ̅̅ ̅̅ ̅+2

𝐿
𝑘=1 −

𝑎

2
∏

1

𝑏𝜖𝑘𝛽𝑐𝛾̅+1
+ (1 − 𝑎)∑ ∏

𝑆𝑖

𝑏𝜖𝑘𝛽𝑐𝛾̅+𝑆𝑖

𝐿
𝑘=1

𝑡−1
𝑖=1 +𝐿

𝑘=1

∑ ∏
𝑆𝑖

𝑏𝜖𝑘𝛽𝑐𝛾̅+𝑆𝑖

𝐿
𝑘=1

2𝑡−1
𝑖=𝑡 ]                                                                                                               (28) 



 

Page 89 of 139 
 

3. Simulation 

In the simulation and theoretical analysis, a system with four receiving antennas was 

considered. The antennas were placed with uniform spacing, each separated by half the 

wavelength of a 5G carrier signal operating at 60 GHz. The correlation coefficient, which 

quantifies the relationship between signals at different antennas, was expressed as [10]-[16]: 

𝜌 = 𝐽0 (2𝜋
𝑙

𝜆
) 

(29) 

 where 𝜆 is the carrier wavelength, 𝑙 is the distance between antennas, and 𝐽0  represents the 

zero-order Bessel function. 

For the simulation setup, antenna spacing was deliberately restricted to values not exceeding 

half the operating wavelength (𝜆/2). This design choice reflects a well-established principle: 

antenna elements spaced more than 𝜆/2 apart exhibit reduced signal correlation, resulting in 

higher statistical independence, whereas smaller separations lead to stronger correlations. To 

balance practical implementation constraints and spatial limitations, spacing values of 0.15𝜆, 

0.25𝜆, and 0.45𝜆 were selected. These configurations were considered adequate for the 

objectives of this study. The resulting correlation coefficients naturally fall within the standard 

range 0< 𝜌 < 1. 

Based on Equation (29), the parameters applied in the simulation are summarized in Table 1. 

Table 1. Parameters Used in the Simulation 

l (spacing) 

 
𝑱𝟎 (𝟐𝝅

𝒍

𝝀
) 𝑱𝟎 (𝟐𝝅

𝟐𝒍

𝝀
) 𝑱𝟎 (𝟐𝝅

𝟑𝒍

𝝀
) 𝑱𝟎 (𝟐𝝅

𝟒𝒍

𝝀
) 

𝟎. 𝟏𝟓𝝀 0.7900 0.2906 -0.1962 -0.4020 

𝟎. 𝟐𝟓𝝀 0.4720 -0.3042 -0.2659 0.2203 

𝟎. 𝟒𝟓𝝀 -0.1962 0.0452 0.0468 -0.1100 

 

𝛒 = 𝑱𝟎 (𝟐𝝅
𝑳𝒍

𝝀
) 

(30) 
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From these correlation coefficients, the correlation matrix can be constructed. Since no direct 

analytical method exists for processing correlated signals, the matrix is decomposed through 

Eigenvalue Decomposition (EVD), which effectively produces independent signal branches. 

To demonstrate, consider three uniformly spaced receive antennas with an inter-element 

distance of l =0.45𝜆 and correlation coefficient 𝜌. The resulting correlation matrix R, derived 

from Equation (3), Equation (30) and Table 1, is: 

𝑹 = (

1 −0.1962 0.0452
−0.1962 1 −0.1962
0.0452 −0.1962 1

     
0.0468
0.0452
−0.1962

0.0468     0.0452     −0.1962           1

) 

 (31) 

Furthermore, using EVD, the eigenvalue matrix corresponding to Equation (31), obtained from 

simulation through the KLT, can be expressed as: 

ᴧ𝟒 = (

1.3450 0 0
0 1.1191 0
0 0 0.8044

     
0
0
0

           0                0              0      0.7315 

) 

 (32) 

Finally, the simulation included an iterative process defined by parameter t, representing the 

number of iterations. The value was set to (t=15), as further iterations (t >15) did not 

significantly enhance the accuracy of results. 

4. Results and Discussions 

In this section, the results obtained through Monte Carlo simulations are compared with those 

derived from analytical formulations to validate their accuracy. The analysis investigates the 

performance of the proposed approach across different antenna configurations for 4-QAM, 16-

QAM, 64-QAM and 256-QAM modulation schemes. The evaluation is conducted over a 

Rayleigh fading channel, with the SER adopted as the key performance metric. In the figure 

legends, 'Sim' and 'Theory' are used to denote simulation-based and analytical outcomes, 

respectively. 
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Figure 2: SER performance of EGC with 4QAM, 16QAM, 64QAM and 256QAM for 3 correlated 

branches at antenna spacing l=0.15λ  

Figure 2 illustrates that at lower modulation orders, such as 4-QAM, the system achieves 

substantially lower SER across all SNR levels. As the modulation order increases to 16-QAM, 

64-QAM, and 256-QAM, performance deteriorates due to the reduced Euclidean distance 

between constellation points, which increases susceptibility to noise and fading. While all 

modulation schemes exhibit high SER at low SNRs, 4-QAM consistently demonstrates 

superior robustness. At moderate to high SNRs, higher-order modulations, particularly 64-

QAM and 256-QAM, exhibit noticeable error floors, underscoring the trade-off between 

spectral efficiency and reliability. Furthermore, the close agreement between theoretical and 

simulated results confirms the validity of the analytical framework. 
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Figure 3: BER performance of MRC with 4QAM for 1, 2, 3, and 4 correlated branches at antenna 

spacing l=0.25λ  

Figure 3 presents the performance of MRC with 4-QAM for 1 to correlated receive branches 

at an antenna spacing of l=0.25λ, corresponding to a moderate correlation coefficient. The 

results show that increasing the number of branches lowers the SER at a given SNR. At low 

SNRs, all curves converge due to noise dominance, whereas at moderate-to-high SNRs, the 

curves diverge, with correlation effects limiting the achievable diversity gains as L  increases. 

The close agreement between analytical and simulation results further validates the accuracy 

of the analysis. 
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Figure 4: BER performance of SC employing 16QAM for 4 correlated branches at antenna spacings 

of d=0.15λ, d=0.25λ, and d=0.45λ. 

Figure 4 illustrates the SER performance of EGC with 16-QAM for four correlated branches. 

The results highlight the impact of antenna spacing: small spacing (0.15λ) yields the poorest 

performance due to strong correlation, moderate spacing (0.25λ) provides partial diversity 

benefits, while larger spacing (0.45λ) offers the best results by approximating uncorrelated 

fading. Theoretical curves closely match the simulations across the full SNR range, confirming 

the reliability of the analysis. 

 

Figure 5: BER comparison of SC, EGC, and MRC combining techniques with 64QAM for L=4 

correlated branches at antenna spacing d=0.45λ. 
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Figure 5 presents the BER performance comparison of SC, EGC, and MRC combining 

schemes employing 64-QAM for L=4 correlated branches at an antenna spacing of l=0.45λ. 

Among the three techniques, MRC achieves the lowest error rates, followed by EGC and then 

SC. The curves corresponding to t=10, 12, and 15 are closely aligned, indicating that the 

approximation error of the Q-function becomes negligible for t>10. Consequently, t=10 was 

adopted in the simulations without loss of accuracy. 

5. Conclusion 

This paper has presented a unified analytical and simulation-based study of the SER 

performance of square M-QAM signals over correlated Rayleigh fading channels under 

AWGN. Three diversity combining schemes; MRC, EGC, and SC were evaluated, highlighting 

the influence of correlation, antenna spacing, and modulation order on system reliability. 

Results confirm that MRC provides the best performance, followed by EGC and SC, while 

higher modulation orders suffer greater degradation due to reduced Euclidean distances 

between symbols. The close alignment between theoretical analysis and Monte Carlo 

simulations validates the accuracy of the proposed framework. These findings offer practical 

insights into the trade-offs between spectral efficiency, diversity order, and correlation effects, 

which are critical for the design of robust next-generation wireless communication systems. 

6. Future Work 

Future research can extend this work in several directions. First, exploring generalized fading 

models such as Rician, or Weibull would provide deeper insights into more diverse 

propagation conditions. Second, the integration of advanced combining techniques and hybrid 

diversity schemes could be investigated to further mitigate correlation effects. Third, secrecy 

capacity and outage probability analysis under correlated fading channels may offer valuable 

contributions to the design of secure wireless systems. Finally, applying machine learning and 

adaptive signal processing methods to optimize combining strategies in real-time presents a 

promising avenue for enhancing the performance of 5G and emerging 6G networks. 
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Abstract 

Integrated Water Resources Management (IWRM) has emerged as the primary approach to 

water governance globally, with Water Resource Users Associations (WRUAs) serving as key 

implementation vehicles at the community level. Despite Kenya's progressive water legislation 

and establishment of WRUAs, limited empirical evidence exists on how IWRM 

implementation contributes to broader Integrated River Basin Management (IRBM) outcomes. 

This study examined the implementation status of IWRM in the Thika River Sub-basin by 

evaluating how Sasumua and Thika Mid WRUAs applied IWRM principles to achieve 

comprehensive river basin management outcomes. An exploratory mixed-methods approach 

was employed, combining quantitative surveys (n=234 WRUA members), focus group 

discussions with management committees, key informant interviews with Water Resources 

Authority and Water Sector Trust Fund officials, field observations, and five-year water quality 

trend analysis (2020-2024). Data were analyzed using SPSS v.20 for quantitative components 

and thematic analysis for qualitative data. WRUA activities significantly benefited the sub-

basin across multiple dimensions, with mean ratings above 3.5 (on a 5-point scale) for all 

assessed outcomes. Water access improvements scored highest (M=3.967, SD=0.999), 

followed by agricultural productivity (M=3.935, SD=0.970) and livelihood enhancement 

(M=3.935, SD=0.836). Water quality monitoring revealed mixed outcomes: turbidity 

significantly improved in both WRUAs during wet seasons (Sasumua River: -16.333 

units/year, R²=0.590; Thika River: -91.361 units/year, R²=0.564), validating conservation 

effectiveness. However, bacterial contamination increased significantly (Sasumua River total 

coliform: +300.167 units/year, R²=0.699), indicating persistent sanitation challenges. Gender 

analysis revealed male dominance in both WRUAs (Sasumua: 63% male; Thika Mid: 55% 

male), with youth (18-35 years) comprising only 28% of membership despite representing the 

demographic majority. WRUAs faced substantial implementation obstacles including 

inadequate funding (Sasumua received no WSTF financing during the study period), weak 



 

Page 98 of 139 
 

institutional capacity, climate change impacts, and coordination gaps. Thika Mid WRUA 

demonstrated superior performance with 78% project completion rates compared to Sasumua's 

52%, attributed to diversified funding sources (KES 2.8 million from WSTF plus partnerships) 

and stronger governance structures. WRUAs effectively implemented IWRM principles 

through participatory governance, ecosystem conservation, and sustainable water use 

practices, contributing measurably to IRBM objectives. However, persistent challenges in 

funding sustainability, technical capacity, and institutional coordination limit their full 

potential. The study validates the IWRM-to-IRBM pathway while highlighting critical 

intervention needs. Findings support enhanced funding mechanisms, capacity building 

programs, and improved inter-institutional coordination to strengthen community-based water 

management. The mixed water quality outcomes emphasize the need for integrated approaches 

addressing both physical conservation and pollution control. 

Keywords: Integrated Water Resources Management (IWRM), Integrated River Basin 

Management (IRBM), Water Resource Users Associations (WRUAs), Sub-Catchment 

Management Plans, Community-based water management, Thika River Sub-basin, Kenya 

1. Introduction 

Water scarcity affects most East African nations, with many river basins experiencing demands 

that exceed renewable resource capacity. Kenya exemplifies these challenges, classified as 

water-scarce with only 647 cubic meters per capita annually—well below the international 

threshold of 1,000 cubic meters per capita (Mulwa, 2021). Over 80% of Kenya's landmass is 

arid or semi-arid, creating stark disparities between water-rich highlands and water-poor 

regions. 

Integrated Water Resources Management (IWRM) has emerged globally as the primary 

approach to addressing these multifaceted water challenges. Defined by the Global Water 

Partnership as "a process which promotes the coordinated development and management of 

water, land and related resources, in order to maximize the resultant economic and social 

welfare in an equitable manner without compromising the sustainability of vital ecosystems" 

(GWP, 2000), IWRM provides frameworks for balancing competing demands while 

maintaining environmental sustainability. 

Building on IWRM principles, Integrated River Basin Management (IRBM) represents a 

broader approach encompassing coordinated planning and management of all resources within 

hydrological boundaries. Unlike IWRM's primary focus on water resources, IRBM addresses 

entire river basin ecosystems, including interconnected relationships between water, land use, 
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ecosystems, and socio-economic activities (Mitchell, 2005). This distinction is crucial: IWRM 

serves as the implementation framework and governance mechanism, while IRBM represents 

the holistic outcome and ultimate goal of sustainable river basin management. 

Kenya's journey toward IRBM through IWRM implementation began with the Water Act of 

2002, establishing Water Resources Management Authority (WRMA) and introducing Water 

Resource Users Associations (WRUAs) as community-based organizations for local-level 

implementation. The subsequent Water Act of 2016 strengthened this framework, emphasizing 

WRUAs' role in translating IWRM principles into practical river basin management actions 

through Sub-Catchment Management Plans (SCMPs). 

Despite these institutional advancements, limited empirical evidence exists on how IWRM 

implementation through WRUAs contributes to broader IRBM outcomes. The critical 

knowledge gap lies in understanding the relationship between IWRM implementation and 

IRBM achievement through community-based organizations. While the Water Development 

Cycle (WDC) framework provides guidelines for WRUA formation and SCMP development 

based on IWRM principles, it lacks clear articulation of how water-focused interventions 

contribute to comprehensive river basin management outcomes. 

This study addresses these gaps by examining IWRM implementation in the Thika River Sub-

basin, a critical component of the larger Tana Basin supporting over 50% of Kenya's population 

and providing water to Nairobi. The research focuses on Sasumua and Thika Mid WRUAs, 

selected for their documented track records, diverse geographical settings within the same sub-

basin, and successful SCMP development representing mature IWRM applications. 

The study's significance extends beyond local water management to Kenya's broader water 

security strategy. Understanding how IWRM implementation through WRUAs contributes to 

IRBM objectives provides valuable insights for enhancing integrated river basin management 

in Kenya's water-stressed environment, where coordinated resource management across 

multiple scales and sectors is essential for sustainable development. 

2. Literature Review 

2.1. Conceptual Framework: IWRM and IRBM Relationship 

2.1.1. Evolution of Integrated Water Resources Management 

The concept of Integrated Water Resources Management (IWRM) emerged from growing 

recognition that traditional sectoral approaches to water management were inadequate for 

addressing complex, interconnected water challenges. The foundational Dublin Principles of 

1992 established four key tenets that continue to guide IWRM implementation globally: water 

as a finite and vulnerable resource essential to life, development, and environment; water 
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development and management based on participatory approaches involving users, planners, 

and policymakers; women's central role in water provision, management, and safeguarding; 

and water's economic value in all competing uses, requiring recognition as both an economic 

and social good (Global Water Partnership, 2000). 

These principles emerged from extensive global consultation processes recognizing that water 

crises were fundamentally governance crises rather than resource scarcity issues alone. The 

Global Water Partnership's definition of IWRM as "a process which promotes the coordinated 

development and management of water, land and related resources, in order to maximize the 

resultant economic and social welfare in an equitable manner without compromising the 

sustainability of vital ecosystems" has become the international standard, though 

implementation approaches vary significantly across contexts (GWP, 2000). 

Recent scholarship emphasizes that IWRM should not be viewed as a prescriptive blueprint 

but rather as an adaptive framework requiring contextualization to local conditions, 

institutional capabilities, and socio-economic realities (Springer, 2024). The 2024 UN-Water 

progress report reveals that global IWRM implementation has increased from 49% in 2017 to 

57% in 2023, though substantial disparities persist between developed and developing nations, 

with Sub-Saharan Africa facing particular implementation challenges related to institutional 

capacity, financing, and technical expertise (UN-Water, 2024). 

2.1.2. Integrated River Basin Management: The Holistic Approach 

Building on IWRM foundations, Integrated River Basin Management (IRBM) represents a 

more comprehensive approach that recognizes river basins as complex socio-ecological 

systems requiring coordinated management of all resources within hydrological boundaries. 

Unlike IWRM's primary focus on water resources with multiple uses, IRBM encompasses 

entire river basin ecosystems, addressing interconnected relationships between water, land use, 

ecosystems, and socio-economic activities (Mitchell, 2005). 

The distinction between IWRM and IRBM is both conceptual and operational. IWRM serves 

as the governance framework and implementation mechanism, providing institutional tools, 

participatory processes, and management instruments for coordinated water resource 

management. IRBM, conversely, represents the ultimate goal and holistic outcome of 

sustainable river basin stewardship, where water governance frameworks enable 

comprehensive management of all basin resources and functions (Hooper, 2010). 

This IWRM-to-IRBM pathway recognizes that effective river basin management requires 

integration across multiple dimensions: sectoral integration (agriculture, industry, 

environment, urban development), spatial integration (upstream-downstream linkages, 
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surface-groundwater connections), temporal integration (short-term management and long-

term sustainability), and institutional integration (coordination across governance levels and 

agencies) (Wescoat, 1984). 

2.2. Global Context and International Experience 

2.2.1. Regional IWRM Implementation Patterns 

Global IWRM implementation demonstrates significant regional variations in approaches, 

outcomes, and challenges. European experiences, particularly through the Water Framework 

Directive (WFD), represent one of the most comprehensive attempts at regional IWRM 

implementation. The WFD requires all EU member states to achieve "good ecological status" 

for water bodies through integrated river basin management plans, participatory approaches, 

and economic instruments including full cost recovery for water services (European 

Commission, 2020). 

Evaluation of WFD implementation reveals both successes and persistent challenges. While 

institutional frameworks have been strengthened and participatory processes established, 

achieving ecological objectives has proven more difficult, with only 40% of EU water bodies 

achieving good ecological status by 2021 (European Environment Agency, 2021). These 

outcomes highlight the complexity of translating policy frameworks into environmental 

improvements, particularly in contexts with significant historical pollution and intensive land 

use pressures. 

Asian experiences demonstrate different approaches to IWRM implementation. Thailand's 

establishment of River Basin Committees and Water User Organizations has been particularly 

successful in addressing water allocation conflicts and improving coordination between 

government agencies and communities (ADB, 2022). The Philippines' integrated watershed 

management approach combines ecosystem restoration with livelihood development, 

achieving measurable improvements in both environmental and socio-economic outcomes 

(Asian Development Bank, 2020). 

Australia's Murray-Darling Basin Authority represents a significant achievement in federal-

level IRBM implementation, demonstrating how national coordination can achieve basin-wide 

management objectives while respecting state-level implementation autonomy. The Basin 

Plan's cap-and-trade system for water allocations has successfully reduced over-extraction 

while maintaining agricultural productivity, though implementation required substantial 

federal investment and political commitment over multiple decades (Murray-Darling Basin 

Authority, 2023). 
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2.2.2. Lessons from Successful IWRM Implementation 

Cross-regional analysis reveals several factors consistently associated with successful IWRM 

implementation. Strong political commitment at multiple governance levels proves essential, 

as IWRM requires coordination across sectors and jurisdictions that traditionally operate 

independently. Countries achieving higher IWRM implementation scores typically 

demonstrate sustained political support over multiple electoral cycles, enabling institutional 

development and capacity building necessary for effective implementation (UN-Water, 2024). 

Adequate and sustained financing emerges as another critical success factor. Successful IWRM 

implementation requires substantial upfront investments in institutional capacity, 

infrastructure development, and stakeholder engagement processes. Countries with diversified 

financing mechanisms—combining government budgets, user fees, private sector partnerships, 

and international assistance—demonstrate more resilient and sustainable IWRM programs 

(World Bank, 2023). 

Meaningful stakeholder participation, moving beyond consultation to genuine co-

management, characterizes successful IWRM initiatives. Examples from Costa Rica's payment 

for ecosystem services programs and Mexico's river basin councils demonstrate that 

stakeholder ownership of management processes leads to better compliance, innovation, and 

long-term sustainability (Bennett & Carroll, 2014). 

2.3.  African Context and Regional Initiatives 

2.3.1. IWRM Implementation in Sub-Saharan Africa 

Sub-Saharan Africa faces unique challenges in IWRM implementation, including limited 

institutional capacity, competing development priorities, climate variability, and 

transboundary water management complexities. The African Ministers' Council on Water 

(AMCOW) assessment reveals that while 89% of African countries have developed national 

water policies incorporating IWRM principles, implementation remains limited, with average 

scores of 49% across the continent (AMCOW, 2018). 

Regional initiatives have emerged to address these challenges through coordinated approaches. 

The Nile Basin Initiative (NBI), established in 1999, represents one of the most ambitious 

transboundary IWRM efforts globally, involving eleven countries in cooperative management 

of the world's longest river system. Despite political tensions and competing national interests, 

the NBI has achieved significant progress in joint planning, capacity building, and 

infrastructure development, though binding legal frameworks remain elusive (Mathias, 2013). 
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The Lake Victoria Basin Commission (LVBC) demonstrates successful regional IWRM 

implementation at a smaller scale, with Kenya, Tanzania, and Uganda collaborating on 

integrated management of Africa's largest lake. The LVBC's approach combines ecosystem 

restoration, fisheries management, and water quality improvement with livelihood 

enhancement programs, achieving measurable improvements in water quality and fish stock 

recovery (LVBC, 2023). 

2.3.2. Community-Based Water Management in Africa 

African experiences highlight the critical importance of community-based approaches in 

IWRM implementation. Traditional water management systems across the continent 

demonstrate sophisticated understanding of watershed functions, seasonal variability, and 

sustainable use practices developed over centuries. Successful IWRM initiatives recognize and 

integrate these traditional knowledge systems with modern management approaches (Van 

Koppen et al., 2018). 

Case studies from Burkina Faso's community-managed watersheds and South Africa's Water 

User Associations demonstrate that community-based organizations can effectively implement 

IWRM principles when supported by appropriate policy frameworks and technical assistance. 

These experiences emphasize the importance of secure water rights, access to technical 

support, and integration with local governance systems (Cherlet & Venot, 2013). 

However, community-based water management also faces significant challenges including 

elite capture, limited technical capacity, financial sustainability, and coordination with formal 

government institutions. Successful approaches require careful attention to social equity, 

transparent governance mechanisms, and sustained capacity building efforts (Ostrom, 2010). 

2.4. Kenya's Water Governance Evolution 

2.4.1. Historical Development of Water Institutions 

Kenya's water governance evolution reflects broader patterns of institutional development in 

post-colonial Africa, characterized by centralized state control transitioning toward 

decentralized, participatory management approaches. During the colonial period (1920-1963), 

water management focused primarily on settler agriculture and urban centers, with limited 

attention to African communities' water needs (Nyanchaga, 2007). 

Post-independence water governance (1963-1999) emphasized state-led development through 

large-scale infrastructure projects and centralized institutional control. The Ministry of Water 

Development assumed responsibility for all water-related functions, from policy development 
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to service delivery, creating institutional bottlenecks and limited community participation in 

water management decisions (Institute of Economic Affairs, 2010). 

Recognition of these limitations led to significant water sector reforms beginning in the late 

1990s. The National Water Policy of 1999 (Sessional Paper No. 1) marked a paradigm shift 

toward demand-responsive, participatory water management, establishing principles that 

would guide subsequent institutional reforms (Republic of Kenya, 1999). 

2.4.2. Legislative Framework Development 

The Water Act of 2002 represented Kenya's most significant water governance reform, 

introducing IWRM principles and establishing new institutional arrangements including 

separation of policy, regulation, and service provision functions. The Act created the Water 

Resources Management Authority (WRMA) for resource management and regulation, Water 

Service Boards for urban and rural water supply coordination, and Water Service Providers for 

actual service delivery (Republic of Kenya, 2002). 

Critical expert analysis reveals both strengths and limitations of the 2002 Act. Mumma (2007) 

praises the separation of functions and introduction of participatory mechanisms while noting 

implementation challenges related to institutional capacity, coordination among multiple 

agencies, and addressing power inequalities in rural water management. The Act's assumption 

that communities would voluntarily organize into management associations without 

addressing underlying social and economic inequalities proved optimistic in practice (Koech 

et al., 2014). 

The Water Act of 2016 strengthened IWRM implementation frameworks while aligning with 

Kenya's devolved governance system established by the 2010 Constitution. The Act enhanced 

Water Resources Users Associations' legal status, emphasized county government 

participation in water management, and strengthened regulatory frameworks for water quality 

protection and pollution control (Republic of Kenya, 2016). 

Contemporary expert assessments emphasize that while Kenya has developed one of Africa's 

most comprehensive water law frameworks, implementation challenges persist. Van Koppen 

et al. (2023) note that formal legal frameworks often conflict with customary water rights and 

traditional management systems, requiring more nuanced approaches to legal pluralism and 

institutional coordination. 

2.5. Kenya's Water Resource Context 

Kenya exemplifies water stress challenges facing many Sub-Saharan African countries, with 

renewable freshwater resources of only 647 cubic meters per capita annually—well below the 
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international water scarcity threshold of 1,000 cubic meters per capita (Mulwa, 2021). This 

scarcity is exacerbated by highly uneven spatial and temporal distribution, with over 80% of 

the country classified as arid or semi-arid lands (ASALs) receiving less than 500mm annual 

rainfall. 

The country's water resources concentrate in five main water towers—Mount Kenya, Aberdare 

Ranges, Mau Forest Complex, Mount Elgon, and Cherangani Hills—contributing 

approximately 75% of renewable water resources while occupying only 2% of total land area 

(WRA, 2020). This geographic concentration creates significant disparities between water-rich 

highland areas and water-poor lowland regions, requiring complex allocation and transfer 

mechanisms. 

Climate variability significantly affects water availability, with Kenya experiencing bimodal 

rainfall patterns that have become increasingly unreliable due to climate change impacts. The 

2020-2022 drought, one of the most severe on record, affected over 4 million Kenyans and 

caused significant livestock losses and crop failures, highlighting the country's vulnerability to 

climate-related water stress (Kenya Meteorological Department, 2023). 

Water demand patterns reflect competing sectoral pressures typical of developing economies. 

Agriculture accounts for approximately 70% of total water withdrawals, followed by domestic 

use (20%) and industry (10%), though these proportions vary significantly across regions and 

seasons (WRA, 2023). Rapid urbanization has increased water demand in major cities, creating 

chronic shortages despite relatively water-rich locations, while industrial development and 

horticultural exports have intensified pressure on high-quality water sources. 

2.6.Water Resource Users Associations: Theory and Practice 

2.6.1. Conceptual Foundation of Community-Based Water Management 

Water Resource Users Associations represent a specific form of community-based natural 

resource management (CBNRM) that has gained prominence globally as an alternative to both 

state-centered and market-based water governance approaches. Theoretical foundations for 

WRUAs draw from common pool resource theory, which recognizes that communities can 

successfully manage shared resources when supported by appropriate institutional 

arrangements (Ostrom, 2010). 

Ostrom's design principles for stable common pool resource management provides analytical 

frameworks for understanding WRUA effectiveness. These principles include clearly defined 

boundaries (group membership and resource boundaries), congruence between appropriation 

and provision rules and local conditions, collective-choice arrangements allowing most 

resource appropriators to participate in modifying operational rules, monitoring by monitors 



 

Page 106 of 139 
 

accountable to appropriators, graduated sanctions for rule violations, conflict-resolution 

mechanisms, and recognition of rights to organize (Ostrom, 1990). 

However, application of common pool resource theory to water management faces specific 

challenges related to water's characteristics as a flowing resource with multiple uses, varying 

quality, and complex upstream-downstream relationships. WRUAs must therefore address not 

only traditional common pool resource management issues but also hydrological connectivity, 

water quality management, and coordination with other water users across larger geographical 

scales (Mutiga et al., 2010). 

2.6.2. The Water Development Cycle Framework 

Kenya's approach to WRUA establishment and capacity building operates through the Water 

Development Cycle (WDC) framework, developed collaboratively by the Water Resources 

Authority and Water Sector Trust Fund. The WDC provides structured guidance for WRUA 

formation, Sub-Catchment Management Plan development, and implementation support 

through a four-level funding mechanism (WRA & WSTF, 2014). 

The WDC framework emphasizes participatory planning processes that engage communities 

in identifying water management priorities, developing intervention strategies, and 

establishing governance structures. Level 1 funding supports social mobilization and SCMP 

development, while subsequent levels finance implementation of conservation activities, 

infrastructure development, and institutional strengthening (WRMA & WSTF, 2009). 

Critical analysis reveals significant WDC framework limitations that affect IWRM 

implementation effectiveness. The Laikipia Water Resource Users Association study identifies 

the framework as "project-oriented, focusing on financing WRUAs to develop sub-catchment 

management plans and their implementation" while lacking "business plans or financial 

sustainability strategies to support WRUA daily operations" (Laikipia Forum, 2023). 

Research on Mara Basin WRUAs reveals additional systemic issues including elite capture, 

dependency on donor support, limited meaningful participation, and difficulties scaling up 

initiatives (Wesselink et al., 2018). These challenges suggest that while the WDC framework 

provides valuable technical guidance, it inadequately addresses power dynamics and social 

inequalities affecting WRUA operations. 

2.6.3. WRUA Performance and Effectiveness Studies 

Empirical studies of WRUA performance across Kenya reveal mixed outcomes, with 

significant variations in effectiveness depending on local contexts, institutional support, and 

community characteristics. Studies in the Upper Ewaso Ng'iro Basin demonstrate that well-
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supported WRUAs can achieve significant improvements in water allocation, conflict 

resolution, and catchment conservation, though challenges remain in enforcement capacity and 

financial sustainability (Mutiga et al., 2015). 

Research in the Lake Naivasha Basin shows WRUAs' potential for promoting sustainable 

water use practices and catchment conservation while highlighting needs for stronger 

institutional support and capacity building. Successful WRUAs in this context benefit from 

proximity to commercial water users willing to contribute financially to conservation efforts, 

though this model may not be replicable in areas lacking commercial agriculture (Willy et al., 

2019). 

Comparative studies across different Kenyan river basins identify several factors associated 

with WRUA effectiveness: strong local leadership, diverse funding sources, technical support 

from government and NGOs, clear benefit distribution mechanisms, and integration with 

traditional governance systems. However, most WRUAs struggle with financial sustainability, 

technical capacity limitations, and coordination challenges with government institutions 

(Mulwa et al., 2021). 

2.7. Gender Dynamics in WRUAs 

Research on gender dynamics within Kenyan WRUAs reveals persistent patterns of male 

dominance in formal leadership positions despite policy requirements for women's 

representation. While women often demonstrate high participation rates in community 

education and mobilization activities, their engagement in technical training and decision-

making roles remains limited (Sang et al., 2023). 

Structural barriers to women's participation include time constraints due to household and care 

responsibilities, cultural norms limiting women's participation in public forums, limited access 

to technical training opportunities, and financial constraints affecting meeting attendance and 

membership fees. Addressing these barriers requires targeted strategies including flexible 

meeting schedules, childcare provision, women-only training sessions, and financial support 

for participation (Mulwa et al., 2021). 

Youth participation in WRUAs faces different but equally significant challenges, including 

limited representation in governance structures, preference for off-farm employment 

opportunities, and perception that water management activities offer limited economic returns. 

Successful youth engagement strategies include integration of technology and innovation, 

income-generating activities linked to water management, and leadership development 

programs (Ogada et al., 2017). 
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2.8. Climate Adaptation through Community-Based Water Management 

WRUAs represent important mechanisms for implementing climate adaptation strategies at the 

local level, though their effectiveness depends on integration with broader adaptation planning 

and institutional support. Successful adaptation strategies implemented by Kenyan WRUAs 

include diversification of water sources, promotion of drought-resistant crops, implementation 

of soil and water conservation measures, and development of early warning systems for 

drought and flood management. 

Analysis of historical climate trends in the Tana Basin reveals increasing frequency of extreme 

events, with significant droughts occurring every 3-4 years compared to historical patterns of 

7-10 year intervals. These changes affect water resource management by increasing demand 

for storage infrastructure, requiring more flexible allocation mechanisms, and necessitating 

enhanced early warning systems (Hirpa et al., 2018). 

Research on climate adaptation in the Upper Ewaso Ng'iro Basin demonstrates that 

community-based approaches can achieve significant resilience improvements when supported 

by appropriate technical assistance and financing. WRUAs implementing comprehensive soil 

and water conservation measures show measurable improvements in groundwater recharge and 

dry season water availability (Kiteme et al., 2008). 

However, climate adaptation through WRUAs faces significant constraints including limited 

technical capacity for climate risk assessment, inadequate financing for adaptation 

infrastructure, and coordination challenges with climate adaptation planning at higher 

governance levels. Addressing these constraints requires enhanced integration between local 

adaptation actions and national climate policies (Hirpa et al., 2018). 

2.9. Knowledge Gaps and Research Needs 

2.9.1. Identified Research Gaps 

Despite extensive research on IWRM implementation and community-based water 

management, several critical knowledge gaps persist. Limited empirical evidence exists on 

how IWRM implementation through WRUAs contributes to broader IRBM outcomes, 

particularly regarding the mechanisms through which local actions achieve basin-wide 

benefits. Most studies focus on individual WRUA performance rather than cumulative impacts 

across entire sub-basins or river systems. 

The relationship between WRUA effectiveness and broader institutional arrangements remains 

poorly understood, particularly regarding coordination with government agencies, integration 

with county-level planning, and linkages with private sector water users. Understanding these 
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institutional relationships is critical for scaling up successful WRUA models and achieving 

comprehensive river basin management. 

Long-term sustainability of WRUA interventions lacks adequate documentation, with most 

studies providing short-term assessments of project outcomes rather than sustained impact 

evaluation. This gap limits understanding of factors affecting institutional persistence, adaptive 

capacity, and continued effectiveness over multiple decades. 

2.9.2. Methodological Challenges 

Assessing IWRM implementation and IRBM outcomes faces significant methodological 

challenges including defining appropriate indicators, establishing causal relationships between 

interventions and outcomes, accounting for external factors affecting water resource 

conditions, and capturing long-term impacts within research timeframes. These challenges 

require innovative approaches combining quantitative measurements with qualitative 

assessments of institutional processes and stakeholder experiences. 

Limited availability of long-term environmental monitoring data constrains ability to assess 

water resource trends and attribute changes to specific management interventions. Establishing 

robust monitoring systems requires coordination between WRUAs, government agencies, and 

research institutions that often proves difficult to achieve and sustain. 

Integration of traditional knowledge systems with scientific assessment methods remains 

challenging, requiring methodological approaches that can capture and validate indigenous 

understanding of water resource functions while meeting scientific standards for evidence 

quality and replicability. 

3. Methodology 

3.1. Study Area 

3.1.1. Geographic Location and Regional Context 

The Thika River Sub-basin represents a critical component of Kenya's water resource system, 

located within the larger Tana River Basin in central Kenya. The study area spans across parts 

of Kiambu and Murang'a counties, approximately 60 kilometers northeast of Nairobi, Kenya's 

capital city. The sub-basin lies between latitudes 0°45' S and 1°15' S and longitudes 36°35' E 

and 37°25' E, covering an area of approximately 1,700 km² (Kithiia, 2012). 

The Thika River Sub-basin's strategic location within the Mount Kenya and Aberdare water 

towers makes it a vital water resource for both local communities and the greater Nairobi 

metropolitan area. The sub-basin serves as a major water source through the Sasumua Dam 
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and several smaller reservoirs that supply water to over 4 million people in Nairobi and 

surrounding areas (Apse, 2015). 

3.1.2. Topographic and Hydrological Characteristics 

The sub-basin exhibits diverse topographic features with elevations ranging from 1,500 meters 

above sea level in the lower reaches to over 4,000 meters in the upper catchment areas around 

Mount Kenya's foothills. This significant elevation gradient creates distinct ecological zones 

with varying precipitation patterns, vegetation types, and land use characteristics. 

The hydrological network consists of the main Thika River stem and numerous tributaries 

including the Chania, Kimakia, and Mataara rivers. The drainage pattern follows a generally 

southeast direction from the highland source areas toward the lower basin confluence with the 

Tana River. Stream density is highest in the upper catchment areas where steep slopes and high 

rainfall create numerous seasonal and perennial streams. 

The sub-basin contains several significant water infrastructure features including the Sasumua 

Dam (capacity 22 million liters), multiple smaller earth dams, irrigation canals, and water 

abstraction points that serve both agricultural and domestic water needs. These infrastructure 

elements create complex water management challenges requiring coordinated approaches 

across multiple user groups and administrative boundaries. 

3.1.3. Climate and Precipitation Patterns 

The Thika River Sub-basin experiences a highland tropical climate characterized by bimodal 

rainfall patterns typical of central Kenya. The long rains occur from March to May, 

contributing 60-70% of annual precipitation, while short rains occur from October to 

December, providing 25-30% of annual rainfall. The remaining precipitation occurs during 

occasional dry season rains. 

Annual precipitation varies significantly across the sub-basin due to orographic effects, 

ranging from 800mm in the lower southeastern areas to over 2,200mm in the upper 

northwestern catchment near the Aberdare Ranges (Langat et al., 2017). Temperature patterns 

also vary with elevation, ranging from mean annual temperatures of 12-15°C in highland areas 

to 18-22°C in lower elevations. 

Recent climate analysis reveals increasing variability in precipitation patterns, with more 

frequent extreme events including prolonged droughts and intense rainfall periods. The 2020-

2022 drought significantly impacted the sub-basin, reducing reservoir levels and affecting 

agricultural productivity, while highlighting vulnerability to climate change impacts (Kenya 

Meteorological Department, 2023). 
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3.1.4. Land Use and Vegetation Patterns 

Land use in the Thika River Sub-basin reflects the diverse elevation zones and precipitation 

gradients. The upper catchment areas (above 2,500m elevation) are characterized by natural 

forests, including indigenous species and exotic plantations, interspersed with small-scale 

agriculture and grazing areas. These upper zones serve critical watershed functions including 

groundwater recharge, erosion control, and dry season flow maintenance. 

The middle elevation zones (1,800-2,500m) support intensive small-scale agriculture, with 

crops including maize, beans, potatoes, vegetables, and cash crops such as coffee. This zone 

contains the highest population densities and most intensive land use, creating significant 

pressure on water resources and watershed functions. 

Lower elevation areas (1,500-1,800m) combine small-scale agriculture with some commercial 

farming, including horticultural operations and livestock keeping. Industrial activities 

including flower farms, food processing facilities, and manufacturing operations are 

concentrated in this zone, creating point sources of water demand and potential pollution. 

3.1.5. Socio-Economic Characteristics 

The Thika River Sub-basin supports a population of approximately 800,000 people with 

diverse socio-economic characteristics reflecting Kenya's rural-urban transition patterns. 

Population density varies from over 500 people per km² in peri-urban areas near Thika town 

to less than 100 people per km² in upper catchment areas. 

Economic activities center on agriculture, which employs over 70% of the population, ranging 

from subsistence farming in upper areas to commercial horticulture in lower zones. The sub-

basin contains significant industrial development including flower farms (Kakuzi Limited, 

Finlays), food processing facilities, and manufacturing operations that provide employment 

but also create water management challenges. 

Educational levels vary significantly across the sub-basin, with literacy rates ranging from 65% 

in remote rural areas to over 90% in peri-urban zones. Access to basic services including 

healthcare, education, and improved water supply correlates strongly with distance from major 

roads and urban centers. 

3.1.6. Water Resource Management Structure 

The Thika River Sub-basin has been administratively divided into eleven sub-catchments for 

water resource management purposes, each intended to be managed by a Water Resource Users 

Association (WRUA). Currently, seven WRUAs are operational: Sasumua, Kiama, Thika 

Upper, Thika Mid, Thika Lower, Ekaalakala, and Lower Chania. The remaining four sub-
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catchments (Mayambogo, Kabuku, Ngoliba, and Maboko) are planned for future WRUA 

establishment based on IWRM principles (John, 2016). 

This administrative structure reflects the Water Resources Authority's approach to 

implementing Integrated Water Resources Management through community-based 

organizations operating at appropriate hydrological scales. Each sub-catchment represents a 

management unit where local water users can organize collectively to address water resource 

challenges while coordinating with neighboring WRUAs for basin-wide management. 

3.1.7. Selection of Study WRUAs 

For this research, two WRUAs were purposively selected from the seven operational 

associations: Sasumua WRUA and Thika Mid WRUA. This selection was based on several 

strategic criteria that enhance the study's analytical value and potential for generating 

transferable insights. 

Sasumua Water Resources Users Association 

Sasumua WRUA, established in 2009, operates in the upper catchment area covering 

approximately 180 km² of predominantly highland terrain. The association was formed 

following the severe 2008-2009 drought that significantly impacted regional water resources 

and agricultural productivity (Ndung'u et al., 2015). The WRUA's operational area includes 

parts of the Sasumua Dam catchment, making water resource management critical for both 

local communities and downstream users including Nairobi city. 

The Sasumua WRUA has developed a comprehensive Sub-Catchment Management Plan 

(SCMP) outlining various conservation and management activities. The association has 

received support from multiple stakeholders including the Water Resources Authority, 

development partners such as the World Bank through the Upper Tana Nairobi Water Fund, 

and contributions from its 158 registered members (FAO, 2013). 

Key characteristics of the Sasumua WRUA include: 

1. Membership: 158 registered members (63% male, 37% female) 

2. Coverage area: 180 km² of upper catchment terrain 

3. Primary activities: Spring protection, riparian conservation, soil conservation, tree 

planting 

4. Major partnerships: Upper Tana Nairobi Water Fund, County Government of 

Nyandarua 

5. Infrastructure: Communal dam rehabilitation (22 million liter capacity serving 500+ 

households) 
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Thika Mid Water Resources Users Association 

Thika Mid WRUA was established in 2013 through Water Resources Management Authority 

initiative as part of broader efforts to implement IWRM principles throughout Kenya. The 

association operates in the middle elevation zone covering approximately 513 km² within the 

larger Tana River Basin, representing a more diverse landscape including agricultural, peri-

urban, and light industrial areas (WRMA, 2015). 

The WRUA implements a Sub-Catchment Management Plan developed in 2010, 

demonstrating its role as an early adopter of systematic water resource management planning. 

The association has secured funding from various sources including the World Bank's Natural 

Resources Management project, Water Sector Trust Fund, and International Fund for 

Agricultural Development Upper Tana project (Thika-mid WRUA, 2023). 

Key characteristics of the Thika Mid WRUA include: 

1. Membership: 179 registered members (55% male, 45% female) 

2. Coverage area: 513 km² of middle catchment terrain 

3. Primary activities: Water quality monitoring, abstraction surveys, riparian 

conservation, livelihood diversification 

4. Major partnerships: Dutch Water Authorities "Blue Deal" program, Jomo Kenyatta 

University of Agriculture and Technology 

5. Infrastructure: Water quality monitoring systems, marked riparian zones, community 

water points 

Rationale for Comparative Selection 

The selection of both Sasumua and Thika Mid WRUAs enables comparative analysis across 

different sub-catchment characteristics while maintaining sufficient similarity for meaningful 

comparison. Both associations: 

1. Have successfully developed and are implementing Sub-Catchment Management Plans 

2. Operate within the same river sub-basin but serve different geographical and ecological 

zones 

3. Have documented track records of activities spanning multiple years 

4. Have received funding from recognized sources and demonstrate varying funding 

models 

5. Represent different stages of WRUA development and institutional maturity 

This comparative approach allows the study to identify factors influencing WRUA 

effectiveness across different contexts while examining how local variations affect IWRM 

implementation and IRBM outcomes. The contrasting characteristics—upper vs. middle 
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catchment, different membership compositions, varying funding sources—provide analytical 

leverage for understanding the relationship between context and performance in community-

based water management. 

3.2. Research Design 

This study employed an exploratory mixed-methods approach combining qualitative and 

quantitative data collection and analysis techniques. The exploratory design was appropriate 

for investigating the relatively under-researched phenomenon of how IWRM implementation 

through WRUAs contributes to IRBM outcomes in Kenya's water management context. 

3.3. Data Collection 

3.3.1. Quantitative Data Collection 

Questionnaires for WRUA Members: Structured questionnaires were administered to 234 

WRUA members (Sasumua: n=112; Thika Mid: n=122) using Cochran's formula with 95% 

confidence level and 5% margin of error. The questionnaire captured demographic 

information, WRUA participation data, and quantitative assessments of IRBM outcomes using 

5-point Likert scales. 

Water Quality Monitoring: Five-year water quality data (2020-2024) was collected covering 

both wet and dry seasonal variations. Parameters included pH levels, turbidity, total and fecal 

coliform bacteria, dissolved oxygen, total dissolved solids, and nitrate concentrations. 

3.3.2. Qualitative Data Collection 

Focus Group Discussions: Structured discussions were conducted with WRUA management 

committees (8-12 members each) covering six thematic sections: WRUA formation processes, 

water resource impacts, innovation and technology, implementation challenges, stakeholder 

engagement, and funding mechanisms. 

Key Informant Interviews: Semi-structured interviews were conducted with: 

1. WRA regional and sub-regional officials (examining WRUA effectiveness and 

regulatory oversight) 

2. National WRA officials (focusing on policy and institutional frameworks) 

3. Water Sector Trust Fund officials (examining financing aspects) 

Field Observations: Systematic field observations were conducted using standardized 

checklists documenting 20 environmental and management indicators including catchment 

degradation, pollution sources, and conservation evidence. 
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3.4.Data Analysis 

3.4.1. Quantitative Analysis 

Statistical analysis was conducted using SPSS v.20 and Microsoft Excel. Descriptive statistics 

included frequencies, percentages, means, and standard deviations for all variables. Chi-square 

tests examined associations between categorical variables, while Spearman's rank correlation 

assessed relationships between ordinal variables. 

Water Quality Trend Analysis: Linear regression analysis examined temporal trends over 

the five-year period using time (years) as the independent variable and water quality 

parameters as dependent variables. Separate analyses were conducted for wet and dry seasons. 

Statistical significance was evaluated using t-statistics with |t| > 2.0 corresponding to 90% 

confidence levels and |t| > 2.31 for 95% confidence levels. 

3.4.2. Qualitative Analysis 

Thematic analysis was employed to process qualitative data, beginning with comprehensive 

familiarization and initial coding conducted inductively. Cross-case comparison between 

WRUAs enabled identification of similarities and differences in implementation approaches, 

challenges, and outcomes. 

3.4.3. Data Integration 

A convergent mixed-methods approach integrated quantitative statistical findings with 

qualitative thematic insights. Triangulation involved systematic comparison of findings across 

multiple data sources, with quantitative survey results providing statistical generalization while 

qualitative data offered explanatory depth and contextual richness. 

3.4.4. Ethical Considerations 

The study adhered to established research ethics principles including informed consent, 

voluntary participation, confidentiality, privacy, and anonymity. Approval was obtained from 

the University of Nairobi, Department of Civil and Construction Engineering. 

4. Results and Discussion 

4.1.  Demographic Characteristics of WRUA Members 

4.1.1. Gender Distribution 

Male members constituted the majority in both WRUAs, with Sasumua showing 63% male 

and 37% female representation, while Thika Mid demonstrated better gender balance with 55% 

male and 45% female members. Chi-square analysis revealed a trend toward significance (χ² 



 

Page 116 of 139 
 

= 3.47, df = 1, p = 0.062), indicating that gender distribution patterns may reflect genuine 

differences in recruitment strategies rather than random variation. 

Gender-disaggregated participation data revealed important patterns: women showed higher 

attendance at community education sessions (78% vs 65% male attendance) but lower 

participation in technical training programs (42% vs 71% male participation), suggesting need 

for targeted strategies to enhance women's engagement in technical aspects. 

4.1.2. Age Distribution 

Both WRUAs demonstrated predominantly middle-aged membership, with the largest groups 

aged 46-55 years (Sasumua: 34%; Thika Mid: 35%). Youth under 35 years represented less 

than 30% of membership in both associations. Statistical analysis revealed significant age 

disparities in leadership structures: youth comprised 28% of membership but held only 12% 

of executive positions, while members over 45 years represented 47% of membership but 

occupied 71% of leadership positions (χ² = 18.4, df = 2, p < 0.001). 

4.1.3. Educational Background 

Secondary education was the most prevalent level in both WRUAs (Sasumua: 42%; Thika 

Mid: 37%), followed by primary education (Sasumua: 29%; Thika Mid: 26%). Higher 

education representation was limited, with undergraduate degrees held by 16% in Sasumua 

and 20% in Thika Mid. 

Spearman's correlation analysis revealed a moderate positive correlation (rs = 0.34, p < 0.01) 

between education level and participation frequency in WRUA decision-making activities. 

Members with secondary education or higher demonstrated significantly greater participation 

rates in SCMP development (78%) compared to those with primary education only (52%). 

4.1.4. Economic Profile 

Agriculture dominated income sources among WRUA members (64.13%), reflecting their 

direct stake in water resource management. Employment in various sectors accounted for 

15.22%, business activities 13.04%, and rental income 7.61%. This agricultural focus explains 

strong interest in WRUA activities, as members recognize water's critical role in their 

livelihoods. 

4.2. Benefits Accrued from WRUA Activities 

4.2.1. Quantitative Assessment of Benefits 

WRUA members rated various benefits on a 5-point Likert scale, with all assessed outcomes 

scoring above 3.5, indicating substantial positive impacts. The highest-rated benefits were: 
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1. Increased water access (M=3.967, SD=0.999) 

2. Increased agricultural productivity (M=3.935, SD=0.970) 

3. Improved sources of livelihoods (M=3.935, SD=0.836) 

4. Community engagement and awareness (M=3.870, SD=0.759) 

These findings demonstrate WRUAs' significant positive impact on water resource 

management and community development, with particularly strong effects on water access, 

agricultural productivity, and livelihood improvement. 

4.2.2. Specific Benefit Categories 

Water Conservation and Availability: WRUAs implemented comprehensive water 

conservation strategies including rainwater harvesting, drip irrigation, and advanced 

technologies such as automatic water meters. These measures reduced water wastage and 

improved year-round availability. Infrastructure installations including sand dams and roof 

water harvesting tanks substantially increased water storage capacity. 

Agricultural Productivity and Sustainable Farming: WRUAs significantly contributed to 

agricultural productivity through targeted water management plans prioritizing agricultural 

water use while considering competing demands. Sasumua WRUA initiated projects 

increasing water availability through tree planting, soil conservation (trenches and Napier 

grass), and distribution of seedlings, promoting agroforestry and sustainable land management. 

Environmental Conservation: Both WRUAs established themselves as pivotal actors in 

environmental conservation through multifaceted ecosystem management approaches. 

Initiatives included afforestation and reforestation (donating seedlings to schools, selling at 

discounted rates), riparian zone management (tree planting, Napier grass planting), spring 

protection, and alternative energy promotion (biogas, energy-saving cook stoves). 

Livelihood Enhancement: WRUAs extended beyond traditional agricultural practices to 

enhance livelihoods through training in regenerative and climate-smart farming, promoting 

alternative revenue-generating ventures (beekeeping, tree nurseries, sustainable energy 

technology, insect farming), with particular emphasis on involving women and young people. 

4.2.3. Water Quality Assessment and Trend Analysis 

4.2.3.1.Sasumua River Analysis 

Dry Season Trends: Water quality analysis revealed complex patterns over the monitoring 

period. Most concerning were significant increases in bacterial contamination: total coliform 

bacteria increased at +332.267 units per year (R² = 0.634) and fecal coliform at +195.072 units 

annually (R² = 0.618), both with moderate statistical significance. Dissolved oxygen showed 
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declining trends of -4.297 mg/L per year (R² = 0.529), indicating potential threats to aquatic 

ecosystem health. 

Positively, turbidity demonstrated decreasing trends of -0.994 units annually, indicating 

improving water clarity, though this improvement lacked statistical significance. 

Wet Season Trends: Wet season analysis presented both encouraging and alarming patterns. 

Turbidity showed substantial improvement with -16.333 units annually, achieving moderate 

statistical significance (R² = 0.590), providing strong evidence of WRUA catchment 

conservation effectiveness including reforestation and erosion control measures. 

However, total coliform bacteria increased at +300.167 units per year, achieving high statistical 

significance (R² = 0.699), representing the strongest and most concerning trend across all 

parameters. This highly significant increase suggested rainfall events were mobilizing and 

concentrating bacterial pollutants through agricultural runoff or inadequate sewage 

infrastructure. 

Dissolved oxygen levels showed highly significant declining trends of -3.841 mg/L per year 

(R² = 0.706), threatening aquatic ecosystem integrity and indicating increasing organic 

pollution or eutrophication processes. 

4.2.3.2.Thika River Analysis 

Dry Season Trends: Thika River exhibited patterns similar to Sasumua in some parameters 

while showing distinct characteristics in others. Dissolved oxygen demonstrated concerning 

declining trends of -5.545 mg/L per year with moderate statistical significance (R² = 0.688), 

exceeding the rate observed in Sasumua and suggesting more severe organic pollution 

pressures. 

Bacterial contamination showed increases in both total coliform (+251.194 units per year) and 

fecal coliform (+134.969 units per year), though lacking statistical significance. However, R² 

values of 0.463 and 0.545 suggested moderate trend strength warranting attention. 

Wet Season Trends: Wet season analysis revealed both positive developments and persistent 

challenges. Turbidity demonstrated substantial improvement with -91.361 units annually, 

achieving moderate statistical significance (R² = 0.564). This dramatic improvement exceeded 

even positive trends in Sasumua, providing strong evidence of effective Thika Mid WRUA 

conservation activities. 

Dissolved oxygen exhibited highly significant declining trends of -3.169 mg/L per year (R² = 

0.701), paralleling patterns in Sasumua and suggesting basin-wide factors contributing to 

dissolved oxygen depletion. 
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4.2.3.3.Comparative Water Quality Assessment 

The water quality trend analysis provided compelling evidence that certain IWRM 

implementation strategies achieved measurable environmental improvements. Turbidity 

reductions in both WRUAs during wet seasons demonstrated conservation activity 

effectiveness, with Thika Mid's improvement of -91.361 units per year representing 

particularly dramatic achievement. 

However, widespread patterns of dissolved oxygen decline and bacterial contamination 

increases indicated serious deterioration requiring immediate intervention. The consistency of 

dissolved oxygen decline across both WRUAs and seasons suggested basin-wide pressures on 

aquatic ecosystem health, while bacterial contamination patterns indicated systematic failures 

in sewage management and sanitation infrastructure. 

4.3. WRUA Performance in IRBM Implementation 

4.3.1. Self-Assessment Ratings 

WRUA management committees rated their performance across 24 IRBM-related issues on a 

1-10 scale. Highest ratings were assigned to: 

1. Climate resilience and adaptation; environmental protection and conservation (9.40) 

2. Community engagement, empowerment, awareness and education (9.15) 

3. Environmental conservation (9.00) 

4. Equitable benefit sharing, economic growth and diversification (8.23) 

5. Sustainable water use practices (8.15) 

6. Water allocation and use efficiency (8.11) 

7. Water availability (8.10) 

Moderate ratings were observed in areas requiring improvement: 

1. Infrastructure development and maintenance (5.03) 

2. Technical, financial, and infrastructure capacity (5.46) 

3. Innovation and technology adoption (5.57) 

These ratings suggest significant success in core IWRM principles and community-focused 

initiatives while identifying specific domains requiring enhanced efforts or resources. 

4.3.2. Comparative Performance Analysis 

Detailed comparison revealed significant performance differences between the two WRUAs. 

Thika Mid consistently outperformed Sasumua across multiple dimensions: 

1. Technical Capacity: 68% of Thika Mid management committee members received 

formal IWRM training compared to 34% in Sasumua 
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2. Project Implementation: Thika Mid achieved 78% completion rates for planned 

activities compared to Sasumua's 52% 

3. Governance Structures: Thika Mid implemented monthly management meetings 

with documented minutes and quarterly member assemblies, compared to Sasumua's 

irregular schedule averaging 4-5 gatherings annually 

4. Member Satisfaction: Thika Mid achieved 76%-member satisfaction compared to 

58% for Sasumua 

4.3.3. Financial Sustainability Analysis 

Financial sustainability revealed contrasting patterns between study sites. Sasumua WRUA 

demonstrated concerning financial vulnerability, receiving no WSTF financing during the 

study period and relying primarily on member contributions averaging KES 200 per member 

annually, generating insufficient revenue (KES 31,600) for substantial conservation activities. 

Thika Mid WRUA exhibited greater financial resilience through diversified funding sources: 

KES 2.8 million from WSTF (2021-2022), KES 450,000 in member contributions, and KES 

320,000 from partnership agreements with academic institutions. This diversified model 

enabled 78% cost-recovery for operational expenses compared to Sasumua's 34%. 

4.4.WRUA Activities Aligned with IWRM Principles 

4.4.1. Stakeholder Participation and Governance 

Both WRUAs demonstrated commitment to IWRM principles through various strategies 

ensuring inclusive decision-making processes. High participation rates in SCMP development 

(majority of current members participated) indicated strong community engagement from 

WRUA inception. 

However, gender and youth representation challenges persist. Despite policy requirements for 

women to hold at least one-third of positions in WRUAs, actual implementation showed male-

dominated management committees in both associations, with persons with special needs 

absent from governance structures and youth representation below 15%. 

4.4.2. Ecosystem Protection and Sustainable Water Use 

WRUAs implemented comprehensive ecosystem protection measures aligning with IWRM 

principles: 

Afforestation and Reforestation: Tree seedling distribution to schools and community 

members, purchasing seedlings from local communities for riparian planting, creating 

sustainable economic models benefiting environment and livelihoods. 
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Riparian Zone Management: Active tree planting within riparian zones, Napier grass 

planting along riparian lands serving dual purposes of livestock feed and erosion reduction. 

Water Use Efficiency: Monitoring and identification of legal and illegal water abstractors, 

issuing abstraction orders, ensuring efficient and equitable water use. 

4.4.3. Integrated Planning and Management 

WRUAs adopted holistic approaches addressing interconnected water, land, and livelihood 

issues. Thika Mid WRUA established comprehensive monitoring and evaluation frameworks 

managed by dedicated committees, incorporating indicators, targets, data collection methods, 

and reporting mechanisms. 

Contrasting situations were observed in Sasumua WRUA, where monitoring and evaluation 

subcommittees were non-functional, indicating disparities in implementation across WRUAs 

and highlighting needs for consistent capacity building and support. 

4.5.  Challenges Faced by WRUAs in IWRM Implementation 

4.5.1. Institutional and Governance Challenges 

Weak Governance Structures: WRUAs suffered from voluntary management committees 

and lack of accountability, undermining legitimacy and efficacy. The voluntary nature of 

activities led to participation challenges as members concentrated on income-generating 

activities due to inadequate compensation. 

Low Institutional Capacity: Both WRUAs faced limitations in technical knowledge and 

human resources, hindering abilities to maintain infrastructure, enforce regulations, and 

monitor water resources effectively. 

Coordination Gaps: Fragmented coordination between WRUAs, government organizations, 

and stakeholders resulted in ineffective resource allocation, redundant activities, and 

conflicting mandates. 

4.5.2. Financial and Resource Constraints 

Inadequate Funding: Limited financial resources severely constrained capacity for 

community outreach, capacity building, and infrastructure development. Sasumua's lack of 

WSTF funding resulted in operational stagnation, while even well-funded Thika Mid faced 

resource limitations for comprehensive implementation. 

Technical and Infrastructure Limitations: Resource constraints on both financial and 

human capital prevented effective SCMP implementation, leading to unmet objectives and 

incomplete activities. 

4.5.3. Environmental and Climate Challenges 
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Climate Change and Environmental Degradation: Increasing climate variability and 

extreme weather events exacerbated water scarcity and quality issues, requiring adaptive 

measures straining WRUA resources. Persistent challenges in riparian conservation, illegal 

abstraction, and water pollution continued despite resource allocation. 

Land Use Pressures: Rapid population growth, urbanization, and changing land use patterns 

challenged WRUAs in balancing competing demands for water allocation and environmental 

conservation. 

4.5.4. Stakeholder Engagement Challenges 

Limited Awareness: Insufficient understanding of WRUA functions and responsibilities, 

particularly among local community members, hindered stakeholder willingness to engage. 

Resource Constraints for Participation: Financial limitations including membership fees 

and travel expenses, combined with time constraints due to work obligations, restricted 

stakeholder participation. 

Power Dynamics: Unequal representation within WRUAs deterred specific stakeholders from 

engaging, highlighting needs for inclusive and representative structures. 

4.6.Principles and Guidelines for Effective WRUA Management 

4.6.1. Governance and Institutional Strengthening 

Based on study findings, several key principles emerged for effective WRUA planning and 

management: 

Enhanced Gender Inclusivity: Developing strategies to address gender differences in water 

resource management, implementing procedures to combat gender-based discrimination, 

ensuring fair representation of women in leadership roles. 

Youth Engagement: Creating mechanisms to encourage greater youth participation in water 

resource management and leadership roles, addressing systematic underrepresentation in 

governance structures. 

Transparent Governance: Establishing regular management committee meetings with 

documented minutes, implementing quarterly member assemblies, maintaining financial 

transparency through regular reporting. 

4.6.2. Technical Capacity and Innovation 

Capacity Building: Providing comprehensive training in IWRM principles, governance 

practices, environmental conservation strategies, and technical skills for monitoring and 

evaluation. 
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Technology Adoption: Implementing innovative technologies including Geographic 

Information Systems (GIS), Advanced Smart Metering Infrastructure, and remote sensing for 

improved water resource monitoring and management. 

Monitoring and Evaluation: Establishing robust monitoring and evaluation systems to track 

progress, identify challenges, and inform decision-making processes. 

4.6.3. Financial Sustainability 

Diversified Funding Sources: Exploring multiple funding mechanisms including government 

transfers, user fees, private sector partnerships, and income-generating activities to reduce 

dependency on single sources. 

Sustainable Financing Mechanisms: Developing long-term financing plans, exploring 

Payment for Ecosystem Services schemes, establishing cost-recovery mechanisms for water 

resource management activities. 

4.6.4. Stakeholder Engagement and Coordination 

Inclusive Participation: Ensuring broad stakeholder representation encompassing all user 

groups within communities, addressing power dynamics and barriers to participation. 

Inter-WRUA Coordination: Establishing basin forums as platforms for coordinating water 

management initiatives, facilitating comprehensive dialogue and integrated decision-making 

processes. 

Institutional Coordination: Improving linkages between WRUAs and other water 

management institutions, streamlining regulatory frameworks, clarifying mandates and 

responsibilities. 

5. Conclusions 

This study provides compelling evidence that Water Resource Users Associations (WRUAs) 

in the Thika River Sub-basin play crucial roles in implementing Integrated Water Resources 

Management (IWRM) principles and contributing to broader Integrated River Basin 

Management (IRBM) outcomes. The research validates the IWRM-to-IRBM pathway while 

identifying critical factors influencing implementation effectiveness. 

5.1. IWRM Implementation Success 

Both Sasumua and Thika Mid WRUAs demonstrated significant success in implementing core 

IWRM principles through participatory governance structures, ecosystem conservation 

activities, and sustainable water use practices. Quantitative assessments revealed substantial 

benefits across multiple dimensions, with mean ratings above 3.5 (on a 5-point scale) for all 
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assessed outcomes. Particularly strong performance was observed in water access 

improvements (M=3.967), agricultural productivity enhancement (M=3.935), and livelihood 

improvement (M=3.935). 

The water quality trend analysis provided objective validation of conservation effectiveness, 

with statistically significant turbidity improvements in both WRUAs during wet seasons 

(Sasumua: -16.333 units/year, R²=0.590; Thika Mid: -91.361 units/year, R²=0.564). These 

improvements directly demonstrated the measurable environmental impacts of community-

based conservation efforts including reforestation, erosion control, and riparian zone 

protection. 

5.2.IRBM Contribution and Holistic Outcomes 

The study confirmed that WRUA activities extended beyond water resource management to 

encompass integrated management of land, ecosystems, agricultural systems, and community 

livelihoods—the hallmarks of effective IRBM. WRUAs achieved this integration through 

comprehensive approaches addressing water conservation, environmental protection, 

agricultural productivity, livelihood enhancement, and community capacity building 

simultaneously. 

Self-assessment ratings revealed particularly high performance in climate resilience and 

adaptation (9.40/10), community engagement and empowerment (9.15/10), and environmental 

conservation (9.00/10), demonstrating successful integration of multiple IRBM components 

within community-based management frameworks. 

5.3.Critical Implementation Challenges 

Despite demonstrated successes, the study identified persistent challenges limiting WRUAs' 

full potential in achieving comprehensive IRBM outcomes. Financial sustainability emerged 

as a critical constraint, with Sasumua WRUA receiving no WSTF financing during the study 

period, resulting in operational stagnation and limited implementation capacity. Even well-

funded Thika Mid WRUA, despite superior performance metrics, faced resource limitations 

affecting comprehensive program delivery. 

The water quality analysis revealed concerning trends requiring immediate attention. While 

physical parameters like turbidity showed significant improvement, biological indicators 

deteriorated substantially. Bacterial contamination increased significantly in both WRUAs, 

with Sasumua showing highly significant increases in total coliform bacteria during wet 

seasons (+300.167 units/year, R²=0.699). Similarly, dissolved oxygen levels declined across 
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both sites and seasons, indicating basin-wide pressures on aquatic ecosystem health that current 

WRUA interventions cannot adequately address. 

Institutional capacity limitations were evident in governance structures, technical expertise, 

and coordination mechanisms. Gender and youth representation remained inadequate despite 

policy requirements, with youth comprising only 28% of membership but holding just 12% of 

leadership positions. Technical capacity disparities between WRUAs were substantial, with 

only 34% of Sasumua management committee members receiving formal IWRM training 

compared to 68% in Thika Mid. 

5.4.Factors Influencing WRUA Effectiveness 

Comparative analysis revealed key factors distinguishing high-performing from struggling 

WRUAs. Thika Mid's superior performance across multiple indicators—78% project 

completion rates versus Sasumua's 52%, 76%-member satisfaction versus 58%—was 

attributed to diversified funding sources, stronger governance structures, and enhanced 

technical capacity. 

Financial diversification emerged as crucial for sustainability. Thika Mid's combination of 

WSTF funding (KES 2.8 million), member contributions (KES 450,000), and partnership 

revenues (KES 320,000) enabled 78% cost-recovery for operations compared to Sasumua's 

34%. This diversification provided resilience against funding shocks while maintaining 

operational continuity. 

Governance structures significantly influenced effectiveness. Thika Mid's regular management 

meetings with documented minutes and quarterly member assemblies contrasted sharply with 

Sasumua's irregular schedule averaging 4-5 gatherings annually. This systematic governance 

approach facilitated better planning, implementation oversight, and stakeholder engagement. 

5.5.Validation of the IWRM-to-IRBM Pathway 

The study empirically validated the conceptual relationship between IWRM implementation 

and IRBM achievement through community-based organizations. WRUAs successfully 

translated IWRM principles—stakeholder participation, ecosystem sustainability, integrated 

planning—into tangible river basin management outcomes encompassing water resource 

conservation, environmental protection, agricultural productivity, and livelihood 

enhancement. 

However, the research also revealed that while WRUAs operated effectively within IWRM 

frameworks, achieving comprehensive IRBM outcomes required addressing challenges 

beyond individual WRUA capabilities. Basin-wide issues such as bacterial contamination and 
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dissolved oxygen depletion suggested need for coordinated interventions across multiple scales 

and sectors, highlighting the importance of institutional linkages and regional coordination 

mechanisms. 

5.6.Implications for Water Governance Theory and Practice 

The findings contribute to water governance theory by providing empirical evidence for the 

effectiveness of community-based approaches in implementing IWRM principles while 

identifying specific mechanisms through which local actions contribute to basin-wide 

outcomes. The mixed results—significant successes in some areas coupled with persistent 

challenges in others—underscore the complexity of translating participatory water governance 

principles into sustainable management outcomes. 

For practice, the study demonstrates that community-based water management through 

WRUAs can achieve measurable environmental and social benefits when supported by 

appropriate institutional frameworks, adequate financing, and technical capacity. However, 

realizing full potential requires addressing systemic challenges including funding 

sustainability, institutional coordination, and technical capacity gaps. 

6. Recommendations 

6.1. Immediate Interventions 

Financial Sustainability Enhancement: Establish dedicated county-level funds for water 

resource management through WRUAs, diversify funding sources through private sector 

partnerships, and develop Payment for Ecosystem Services schemes to generate sustainable 

revenue for conservation activities. 

Institutional Capacity Strengthening: Implement comprehensive capacity building 

programs focusing on technical skills, governance practices, and monitoring and evaluation 

systems. Establish regional support offices with qualified staff to assist WRUA SCMP 

implementation. 

Water Quality Improvement: Address bacterial contamination through enhanced sewage 

treatment infrastructure, improved livestock waste management systems, and pollution source 

identification and control measures. Implement integrated approaches combining physical 

conservation with pollution control. 

6.2.Medium-term Strategic Interventions 

Governance Structure Enhancement: Develop mechanisms to improve gender and youth 

representation in WRUA leadership, establish transparent governance protocols with regular 
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meetings and documented decision-making processes, implement inclusive participation 

strategies addressing power dynamics and barriers. 

Inter-institutional Coordination: Strengthen coordination mechanisms between WRUAs 

and water management institutions, establish basin forums for integrated planning and resource 

allocation, clarify institutional mandates and responsibilities to reduce redundancy and 

conflicts. 

Technology Integration: Promote adoption of innovative technologies including GIS, remote 

sensing, and smart monitoring systems for improved water resource management. Establish 

partnerships with academic institutions and private sector for technology transfer and capacity 

building. 

6.3.Long-term Policy Recommendations 

Legislative Framework Strengthening: Update policies and regulations to reflect systemic 

approaches to basin management, ensure WRUA financing inclusion in national and county 

budgets, establish clear legal frameworks empowering WRUAs in compliance enforcement. 

Regional Coordination Mechanisms: Develop basin-wide management authorities with 

coordination mandates across multiple WRUAs, establish information sharing platforms and 

standardized monitoring protocols, implement integrated planning approaches addressing 

upstream-downstream linkages. 

Sustainability Integration: Incorporate climate change adaptation strategies into WRUA 

planning and operations, develop ecosystem restoration and conservation strategies enhancing 

water retention and quality, promote sustainable financing mechanisms reducing dependency 

on external funding. 

6.4.Research and Development Priorities 

Monitoring and Evaluation Systems: Establish robust monitoring frameworks capturing 

both environmental and social outcomes of WRUA activities, develop standardized indicators 

for IWRM implementation assessment, implement adaptive management approaches 

responding to monitoring data. 

Innovation and Technology: Invest in research and development of appropriate technologies 

for community-based water management, establish innovation platforms facilitating 

knowledge sharing and technology transfer, develop capacity building programs for 

technology adoption and maintenance. 

Knowledge Management: Create platforms for sharing best practices and lessons learned 

across WRUAs, establish documentation systems capturing institutional knowledge and 



 

Page 128 of 139 
 

implementation experiences, develop training materials and guidelines based on empirical 

evidence. 

7. Study Limitations and Future Research 

7.1. Study Limitations 

This research focused on two WRUAs within the Upper Tana Basin, limiting generalizability 

across diverse geographical and socio-economic contexts. The cross-sectional design, while 

providing comprehensive baseline data, cannot capture long-term impacts and sustainability 

of WRUA interventions. Self-reporting bias in questionnaire responses and focus group 

discussions may have influenced perceptions of WRUA effectiveness. 

Resource and time constraints limited the scope of water quality monitoring and field 

observations, while access to certain stakeholders and documents may have affected 

comprehensiveness of data collection. The study's focus on IWRM implementation through 

WRUAs, while valuable, represents only one component of broader river basin management 

systems. 

7.2. Future Research Directions 

Geographical Expansion: Conduct comparative studies across Middle and Lower Tana Basin 

WRUAs to understand IRBM implementation across diverse contexts, examine WRUAs in 

different river basins to assess transferability of findings and approaches. 

Longitudinal Analysis: Implement long-term studies tracking WRUA evolution and impact 

over extended periods, assess sustainability of interventions and adaptive capacity in face of 

changing environmental and social conditions. 

Thematic Deep Dives: Investigate specific aspects requiring detailed analysis including 

gender dynamics in water governance, climate change adaptation strategies, technology 

adoption patterns, and financing mechanism effectiveness. 

Methodological Innovation: Develop and test innovative approaches for assessing 

community-based water management effectiveness, explore participatory monitoring and 

evaluation methods engaging communities in impact assessment, integrate remote sensing and 

GIS technologies for comprehensive basin monitoring. 

Policy and Institutional Analysis: Examine policy implementation gaps and institutional 

coordination challenges across multiple scales, assess effectiveness of different governance 

models and institutional arrangements, investigate role of private sector and civil society in 

supporting community-based water management. 
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