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Abstract: Road-based logistics suffer from inefficiencies due to less-than-full-load vehicle move-
ments. Consolidating loads through shared-fleet collaborations (also known as freight pooling)
can reduce such inefficiencies, and thereby reduce costs, vehicle-kilometres (vkm), and related emis-
sions and congestion. Utilising a significant historical dataset of vehicle movements, the potential
cost savings and environmental benefits of a shared-fleet operation involving collaboration between
two public sector organisations, integrating both static (fixed-schedule) and dynamic (client-spe-
cific) demand within a healthcare setting, were quantified. A Sample Collection Service (SCS;
transporting pathology samples from doctors’ surgeries to centralised laboratories for analysis)
shared spare capacity in vehicles operated by a Patient Transport Service (PTS; transporting eligible
non-emergency patients to/from routine hospital appointments) as an alternative to engaging an
external courier company. Results suggested that a shared-fleet collaboration servicing 78 surger-
ies, alongside normal patient loads in an average of 24 PTS vehicles/day, produced reductions of
16%, 13% and 12% in costs, vkm and carbon dioxide emissions, respectively. Decision-makers
within public sector organisations that operate own-account vehicle fleets could pursue policies that
actively seek-out opportunities to deploy shared-fleet solutions to improve vehicle utilisation and
therefore reduce public sector spending and the detrimental effects of road logistics.

Keywords: shared-fleet; freight pooling; logistics; horizontal collaboration; road vehicles;
healthcare; public sector

1. Introduction

Road-based logistics operations are well known to have inefficiencies due to vehicles
travelling with less-than-full-loads [1-7]. Shared-fleet logistics (also known as freight
pooling), whereby organisations collaborate horizontally (i.e., collaboration between or-
ganisations providing similar goods and/or services at the same level within supply
chains) to consolidate loads and improve vehicle utilisation through sharing vehicle ca-
pacity, are often posited as a remedy for such inefficiencies. This can offer potential cost
savings for the parties involved, whilst also mitigating the detrimental effects of road lo-
gistics such as vehicle-kilometres (vkm) and related vehicle emissions and traffic conges-
tion [1-12].

One area where shared-fleet operations could offer benefits is logistics within
healthcare settings, which was the potential investigated in this research. The United
Kingdom’s (UK’s) National Health Service (NHS) is comprised of a wide range of publicly
funded systems providing comprehensive healthcare services to the population, free at
the point of delivery. As part of its remit, the NHS operates a Sample Collection Service
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(SCS) to transport pathology samples taken from patients at doctors’” (General Practi- 45
tioner; GP) surgeries (also known as doctor’s offices in some countries) to centralised pa- 46
thology laboratories for analysis, typically outsourcing transport provision to external 47
commercial courier companies operating fleets of Light Goods Vehicles (LGVs), com- 48
monly known as vans. At the same time, the NHS operates a non-emergency Patient 49
Transport Service (PTS), using vehicles (often known as non-emergency ambulances) sim- 50
ilar in size to the vans typically used by courier companies (Figure 1), to transport eligible 51
patients (i.e., those unable to use other transport means due to their medical condition) 52
to/from routine hospital appointments. There is often considerable overlap between the 53
geographical areas of operation covered by these two services, which suggests there may 54
be scope to deploy shared-fleet logistics to consolidate loads and save costs for the NHS. 55

The potential for a shared-fleet operation involving the SCS sharing capacity in PTS 56
vehicles to collect pathology samples as an alternative to engaging an external courier 57
company was investigated. This situation required integrating dynamic and static 58
transport demand, with the PTS demand being dynamic, based on ad-hoc allocation of 59
transport tasks to accommodate variable demands from patients for transport to/from 60
hospital appointments. This means that PTS vehicles perform different routes each day in 61
response to each day’s specific demand. The SCS demand is static, based on fixed-sched- 62
ule vehicle rounds making collections from the same locations (i.e., GP surgeries) at ap- 63
proximately the same times each day. 64

The main aim of this study was two-fold: i) to assess the feasibility of integrating 65
static and dynamic transport demand in a shared-fleet logistics collaboration involving a 66
public sector organisation as the prospective fleet provider to improve the utilisation of 67
their own-account vehicles and to save public money by eliminating the need to engage 68
external commercial carriers (i.e., courier companies); and ii) to quantify through a case 69
study based on real-world data, the potential benefits of such a shared-fleet logistics col- 70
laboration in terms of reducing costs, vkms and emissions of carbon dioxide (COz). 71

The main conclusions were that a shared-fleet collaboration was both feasible and 72
beneficial, and that decision-makers within public sector organisations that operate own- 73
account vehicle fleets could pursue policies that actively seek-out opportunities to deploy 74
shared-fleet solutions to improve vehicle utilisation and therefore reduce public sector 75
spending and the detrimental effects of road logistics. 76

Figure 1. Patient Transport Service (PTS) vehicle. 78
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2. Previous Research 79
2.1. Shared-Fleet Collaborations 80

A review of previous research was undertaken focusing on shared-fleet collabora- 81
tions and in particular, examples of vehicle fleets being used in this way by public sector 82
organisations and/or in healthcare settings. Shared-fleet operations are an example of 83
horizontal collaboration in the logistics industry, whereby organisations that provide sim- 84
ilar goods and/or services collaborate to improve resource utilisation efficiency, e.g., mul- 85
tiple carriers (who could potentially be competitors) cooperating to share capacity oneach 86
other’s vehicle fleets [1-12]. As well as road-based logistics, horizontal collaboration is 87
also studied in other modes of transport, for example marine logistics involving fleets of 88
ships [13, 14]. 89

In general, existing research in the domain of road-based logistics is primarily con- 90
cerned with the mechanisms and benefits associated with shared-fleet operations involv- 91
ing commercial carriers collaborating to satisfy demand for transport of goods on a net- 92
work-wide scale through forming grand coalitions to exchange requests for transporta- 93
tion. Methodologies are often based on computational approaches (i.e., mathematical 94
modelling) using theoretical examples, with seemingly few studies based on real-world 95
activity data, a situation identified during recent reviews (2020/21) of research in the do- 96
main [1, 3, 11]. The focus of this paper was on understanding the potential benefits of 97
deploying shared-fleet operations rather than the mechanisms for realising such collabo- 98
rations, and relevant literature was reviewed accordingly. 99

2.2 Benefits of Shared-Fleet Collaborations 100

Existing research tends to focus on the economic benefits (cost savings, profit in- 101
creases, and their equitable allocation among the collaborating parties), with the environ- 102
mental benefits (e.g., reductions in vkm and associated emissions) often considered as 103
well. Recent examples included a computational study by Wang et al. [15] that devel- 104
oped an optimisation algorithm for shared-fleet carrier collaborations transporting gen- 105
eral freight. A test application of the algorithm to a dataset representing a logistics net- 106
work in Chongqing city, China suggested collaborations on a city-wide network scale 107
could result in cost reductions of 32% for the companies involved. The cost reductions 108
were related to reductions in vkm and vehicle numbers, but these benefits were not ex- 109
plicitly quantified. In similar computational studies involving different optimisation al- 110
gorithms also tested on Chongquing city, China, Wang et al. [16] found that cost and ve- 111
hicle reductions of 68% and 23%, respectively could be achieved, and Wang et al. [17] 112
found that cost and CO: emissions reductions of 74% and 47%, respectively were possible. 113
Using computational experiments, a study by Chabot et al. [18] based on companies ship- 114
ping general freight from Quebec City, Canada to locations in the USA suggested that cost 115
and emissions reductions of up to 52% and 80%, respectively, could be realised by shared- 116
fleet collaborations. 117

Amiri and Farvaresh [12] used a computational approach to analyse theoretical car- 118
rier collaborations to share vehicle capacity, with results indicating that cooperation can 119
lead to profit increases of up to 15% for the companies involved. Gansterer et al. [4] con- 120
ducted a computational study of a theoretical shared-fleet collaboration between three 121
carriers, which suggested that average cost savings of up to 25% could be generated. A 122
similar study by Konstantakopoulos ef al. [19] investigated a shared-fleet collaboration 123
between three carriers in Athens, Greece, with results indicating that vkm, costs, vehicle 124
numbers and CO2 emissions could be reduced by 10%, 3%, 6% and 2%, respectively. Col- 125
laborative operations between two carriers serving the same city were evaluated by Yao 126
et al. [9], with average profits increasing by 3% and CO: emissions reducing by 1% as a 127
result. 128

Quintero-Araujo et al. [20] used a computational approach to assess theoretical 129
shared-fleet collaborations involving up to nine carriers, along with stochastic demand 130
patterns and sharing of storage facilities, finding that, on average, costs could be reduced 131
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by 4% and CO:z emissions by 3%. Aloui et al. [21] investigated shared-fleet operations in- 132
tegrated with cooperation over decisions regarding locations of storage facilities and in- 133
ventory planning. The study suggested cost savings of up to 67% and CO: emissions 134
savings of up to 58% were achievable. Similarly, Nataraj et al. [8] considered the benefits 135
of a theoretical shared-fleet collaboration between five carriers, combined with coopera- 136
tion over optimising locations for storage facilities, with results suggesting that costs 137
could be reduced by 47% and CO: emissions by 42%. Su et al. [22] evaluated a proposed 138
new algorithm to find shared-fleet solutions incorporating dynamic demand in relation 139
to the number and priority of requests for transport. A test application using a dataset 140
representing a theoretical logistics network suggested that the new algorithm could im- 141
prove on previous best-known benchmark solutions in terms of vkm and vehicle numbers 142
saved. 143
A computational approach was adopted by Deng et al. [23] to consider a network- 144
wide collaboration in Chengdu, China to share resources including vehicle capacity, lo- 145
gistics facilities and customer services, finding that costs and vehicle numbers could be 146
reduced by 41% and 36%, respectively. Mrabti et al. [24] investigated sharing of vehicle 147
capacity and storage facilities between four suppliers, finding that savings of 1% in costs, 148
20% in vkm and 17% in associated CO:2 emissions were possible based on using an eco- 149
nomic objective function in the mathematical formulation of the optimisation algorithm. 150
Using a computational approach, Abou Mjahed et al. [25] studied the benefits of col- 151
laborative sharing of fleet and storage facilities between four firms across a network of 152
eight distribution centres delivering to 30 clients. Results indicated cost savings of upto 153
12% were possible. Similarly, Mrad et al. [26] analysed sharing between seven firms 154
across a network of nine distribution centres delivering to 35 clients, which produced sav- 155
ings of 34% in costs and 39% in vkm, and Ouhader and El Kyal [27] investigated three 156
firms sharing across a network of five distribution centres delivering to 40 clients, finding 157
savings of 9% in costs and 45% in CO:2 emissions. 158
Aktas et al. [28] investigated sharing vehicle capacity in last-mile deliveries for the 159
online grocery sector in London, UK, finding that reductions of 17% in vkm and 22% in 160
number of vehicle routes were possible. Serrano-Hernandez et al. [29] also focussed on 161
the online grocery sector but in Pamplona, Spain, where a collaboration between four 162
popular supermarket chains was investigated. The study was based on a survey of Pam- 163
plona’s inhabitants to gauge demand, and the collaboration was assumed to be fully co- 164
operative with all customers served conjointly by all supermarkets. Results suggested 165
vkm could be reduced by 43% and level of service (defined as the duration between the 166
start of the requested delivery time window and the actual delivery time) improved by 167
46%. 168
Vargas et al. [10] proposed a new platform designed to encourage and facilitate hor- 169
izontal logistics collaboration, which included an algorithm to generate shared-fleet solu- 170
tions. A case study application of the platform using data from a large UK building ma- 171
terials supplier alongside historic UK fleet data (to simulate involvement of other fleets) 172
found that cost and vkm savings of 11% and 12%, respectively, could be achieved. Using 173
real-world data, Ballot and Fontane [30] completed a case study of carrier collaborations 174
in supply chains within the French retail sector, finding that reductions of 25% in CO2 175
emissions could be generated. Grote et al. [6] investigated a shared-fleet carrier collabo- 176
ration involving a private sector client (a cruise ship company) sharing capacity on five 177
own-account vehicles operated by a public sector organisation (a Local Government Au- 178
thority; LGA). Based on a week-long survey of goods movements at a storage facility, 179
study results suggested vkm and emissions reductions of 29% and up to 36%, respectively, 180
were possible, with £3,800/week profit generated for the LGA. The methodological ap- 181
proaches used in previous research studies are summarised in Table 1. 182
183

184

185
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Table 1. Methodological approaches of previous studies of shared-fleet collaborations.

Study Methodological Approach/Complexity Potential Benefits

Assessment of optimisation algorithm
Wang et al. [15] Sharing: vehicle capacity Costs -32%
Network: 5 firms, city-wide

Assessment of optimisation algorithm
Wang et al. [16] Sharing: vehicle capacity
Network: 5 firms, city-wide

Costs -68%
Vehicles -23%

Assessment of optimisation algorithm
Wang et al. [17] Sharing: vehicle capacity
Network: 5 firms, city-wide

Costs -74%
Emissions -47%

Assessment of optimisation algorithm
Chabot et al. [18] Sharing: vehicle capacity
Network: 3 firms, international

Costs -52%
Emissions -80%

Assessment of optimisation algorithm
Amiri and Farvaresh [12] Sharing: vehicle capacity Profits +15%
Network: 3 firms, theoretical

Assessment of optimisation algorithm
Gansterer et al. [4] Sharing: vehicle capacity Costs -25%
Network: 3 firms, theoretical

Vkm -10%
Costs -3%
Vehicles -6%
Emissions -2%

Assessment of optimisation algorithm
Konstantakopoulos et al. [19] Sharing: vehicle capacity
Network: 3 firms, city-wide

Assessment of optimisation algorithm
Yao et al. [9] Sharing: vehicle capacity
Network: 2 firms, city-wide

Profits +3%
Emissions -1%

Assessment of optimisation algorithm
P & Costs -4%

Quintero-Araujo et al. [20] Sharing: vehicle capacity, storage facilities Emissions -3%

Network: 9 firms, 9 storage facilities, theoretical

Assessment of optimisation algorithm
Sharing: vehicle capacity, storage facility locations, inventory plan- Costs -67%
ning Emissions -58%
Network: 4 firms, 4 storage facilities, theoretical

Aloui et al. [21]

Assessment of optimisation algorithm
p & Costs -47%

Nataraj et al. [8] Sharing;: Vehiclle capacity, storag.e.fécility locat.ions Emissions -429%
Network: 5 firms, 5 storage facilities, theoretical
Assessment of optimisation algorithm Improvement on
Su et al. [22] Sharing: vehicle capacity benchmark solu-
Network: up to 500 requests for transport, theoretical tions

Assessment of optimisation algorithm
p 5 Costs -41%

Deng et al. [23] Sharing: vehicle capacity, storage facilities, customer services Vehicles -36%

Network: 4 firms, 4 storage facilities, city-wide

Assessment of optimisation algorithm Costs -1%
Mrabti et al. [24] Sharing: vehicle capacity, storage facilities Vkm -20%
Network: 4 firms, 4 storage facilities, theoretical Emissions -17%

186
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Abou Mjahed et al. [25]

Assessment of optimisation algorithm
Sharing: vehicle capacity, storage facilities Costs -12%
Network: 4 firms, 8 storage facilities, theoretical

Mrad et al. [26]

Assessment of optimisation algorithm
Sharing: vehicle capacity, storage facilities
Network: 7 firms, 9 storage facilities, theoretical

Costs -34%
Vkm -39%

Ouhader and El Kyal [27]

Assessment of optimisation algorithm
Sharing: vehicle capacity, storage facilities
Network: 3 firms, 5 storage facilities, theoretical

Costs -9%
Emissions -45%

Aktas et al. [28]

Assessment of on-line grocery deliveries
Sharing: vehicle capacity
Network: 2 firms, city-wide

Vkm -17%
Vehicle routes -22%

Serrano-Hernandez et al. [29] Sharing: vehicle capacity

Assessment of on-line grocery deliveries Vikm -43%

3 O,
Network: 4 firms, city-wide Service level +46%

Vargas et al. [10]

Assessment of horizontal collaboration platform
Sharing: vehicle capacity
Network: 2 firms, national

Costs -11%
Vkm -12%

Ballot and Fontane [30]

Assessment of supply chains in French retail sector
Sharing: vehicle capacity, storage facilities Emissions -25%
Network: 2 firms, 223 storage facilities, national

Grote et al. [6]

Assessment of supply chain for cruise ship company Vkm -29%
Sharing: vehicle capacity Emissions -36%
Network: 1 firm, 1 public sector organisation (Local Government LGA profit
Authority; LGA), regional +£3,800/week

2.3. Review Summary

In summary, existing research typically tends to focus on the benefits of theoretical,
network-wide, grand coalitions of commercial carriers sharing demand for transport of
general goods. Few studies appear to address the feasibility of smaller-scale situations,
integrating static and dynamic demand for transport of specialised payloads (i.e., pathol-
ogy samples and hospital patients) in shared-fleet operations, with the public sector acting
as prospective fleet providers to maximise utilisation of their own-account vehicles.

Studies tend to focus solely on the transportation of goods, whereas the research re-
ported in this paper is concerned with the combined transport of passengers (i.e., patients)
and goods (i.e., pathology samples). Patients were regarded as a form of payload that
could be readily integrated with goods transportation, i.e., patients were seen as analo-
gous to goods in that they are collected/delivered at bespoke locations according to client
requirements rather than at specified locations on fixed-schedule vehicle routes (e.g., sta-
tions, bus stops) as would be usual for passengers on public transport. In addition, many
existing studies have adopted a theoretical, computational approach, leading to a lack of
shared-fleet research based on real-world data.

The research reported in this paper has addressed the identified research gaps in the
following two ways: i) assessing the feasibility of collaborative shared-fleet operations in-
volving public sector own-account vehicle fleets and integration of static and dynamic
demands for transport of specialised payloads (a situation that has not been investigated
in previous studies reported in the literature) to improve vehicle utilisation and therefore
reduce public sector spending and the detrimental effects of road logistics; and ii) quanti-
fying the potential benefits of such collaborations (in terms of the effects on costs, vkm
and CO2 emissions) based on a case study using real-world activity data.
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3. Materials and Methods 213
3.1. Business-As-Usual (BAU) Analysis 214

Whilst the PTS has many vehicle depots in different locations across Southern Eng- 215
land, the study focused on the depot in Eastleigh (Figure 2) situated just to the North of 216
Southampton, a city on the South coast of the UK (population ~260,000). This was be- 217
cause the Eastleigh PTS depot represented the most convenient location from which to 218
service the network of 78 GP surgeries that all send samples to the centralised pathology 219
laboratory located at Southampton General Hospital (SGH) (Figure 2). The criterion 220
used to assess convenience of depot location was the extent of the geographical overlap 221
between the area of BAU PTS vehicle operations and the locations of GP surgeries, i.e., 222
vehicles from the Eastleigh PTS depot were already operating in close proximity to the GP 223
surgeries (and SGH) in the BAU scenario. 224

The analysis was based on two primary datasets that provided details of historic ve- 225
hicle routings: one for the PTS during March 2021; and the other for the SCS during Sep- 226
tember 2018. A secondary dataset providing numbers of pathology samples generated 227
during March 2021 was also utilised. The PTS dataset described the movements of the 33 228
vehicles based at the Eastleigh depot. On average, these PTS vehicles performed 26 229
rounds each day in BAU, with each vehicle transporting an average of 6 patients/day ei- 230
ther to or from their routine hospital appointments (i.e, non-emergency transport). 231
Nominally, the PTS booking policy requires patients to book transport more than 48 hours 232
before their appointment but, in practice, bookings are accepted up to the last moment 233
whenever possible. PTS vehicles were diesel minibuses (Figure 1), i.e., similar in size to 234
LGVs. Some patients had specialist travel requirements, such as to travel in a wheelchair 235
(standard or extra-large), travel on a stretcher or travel alone, and the vehicles were of 236
several different types with varying capacities to accommodate patients’ travel require- 237
ments (Table 2). 238

Regarding the SCS dataset (and associated secondary dataset for sample generation), 239
daily numbers of samples generated for collection from each GP surgery ranged from just 240
a few, up to ~200 samples (depending on surgery size in relation to the numbers of regis- 241
tered patients), with an average of 40 samples/day/surgery. The distribution of mean 242
samples/day across the 78 surgeries is shown in Figure 3, and across the days of the week 243
in Figure 4. These samples were packaged by each surgery into consignments consisting 244
of a medium-sized insulated medical carrier (brand name Versapak; dimensions 245
460x255x305 mm; estimated capacity ~125 samples; empty weight 2.4 kg [31]; Figure 5) for 246
collection twice per day, typically an early (AM) and late (PM) collection from each sur- 247
gery. The collection of two Versapaks per day (i.e., AM and PM) provided ample capac- 248
ity (125 x 2 = 250 samples/day) to accommodate the peak daily number of samples gener- 249
ated at any of the surgeries (~200 samples/day). The data described the movements of 10 250
courier company vehicles, which were diesel vans (i.e., LGVs), performing 10 collection 251
rounds each day in BAU, collecting up to 18 consignments (i.e., visiting up to 18 surgeries) 252
before delivering to SGH. Reverse logistics, whereby empty Versapaks are returned 253
from SGH to GP surgeries, were accomplished during the normal course of operations, 254
i.e.,, empty Versapaks were delivered to GP surgeries at the same time as full ones were 255
collected during the vehicle collection rounds. 256

There was a slight inconsistency between the SCS and sample generation datasets, in 257
that courier vehicle movements were for September 2018 and samples generated were for 258
March 2021, but the September 2018 vehicle movements were assumed to be representa- 259
tive of vehicle movements in March 2021. This was regarded as a reasonable assumption 260
because the sample generation dataset for March 2021 was compared to a similar dataset 261
for sample generation in November 2018 using an independent-means t-test and found 262
not to be statistically significantly different in terms of the mean number of samples pro- 263
duced by surgeries [t(43) = —0.266, p = 0.791 (i.e., p>0.05)]. In other words, despite any 264
effects on pathology sample generation that might have been expected due to the COVID- 265
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19 global pandemic in the intervening period, sample generation was similar in Novem- 266
ber 2018 and March 2021, and therefore it was reasonable to assume that vehicle move- 267
ments to collect those samples in September 2018 and March 2021 were also likely to be 268
similar. One caveat to this assumption was that traffic conditions may have been differ- 269
ent in March 2021 (compared to September 2018) due to the pandemic supressing road 270
traffic (i.e., less road travel due to COVID-19 restrictions), which meant courier vehicle 271
movements were likely to be based on worse traffic conditions (i.e., those in September 272
2018) than those that actually existed in March 2021. 273

A small number (1.2%) of samples were generated on weekends (879 out of 73,112 274
total samples in March 2021). Two rounds (both on Saturdays) were used by the courier 275
company to collect samples on weekends in BAU, with one of these rounds having nine 276
possible different route variations listed. No rounds were listed for Sundays. Itwasnot 277
possible to ascertain from the data which of the nine routes were actually followed on the 278
four Saturdays that occurred during March 2021. Given the uncertainty regarding week- 279
end collections, and the small fraction of samples involved (1.2%), weekends were ignored = 280
in the analysis, i.e., only a Monday-Friday collection service was considered covering 281
98.8% of samples. The PTS do operate at weekends, albeit with less activity, and it seems 282
likely that the small number of weekend samples could be collected by PTS vehicles, or if 283
that was not possible, transport by taxi could be arranged as a back-up alternative (as is 284
the current practice for any samples that, for whatever reason, cannot be collected by the 285
BAU courier vehicles). 286

Vehicle-kilometres (vkm) and duty time (the time during which vehicle and driver 287
were operational) were extracted from the two primary datasets. Distances between the 288
postcode locations of each stop on the vehicle routes contained in the datasets were meas- 289
ured using Google Maps and cross-checked using GraphHopper (an online application 290
similar to Google Maps). Duty times were calculated as the difference between the times 291
recorded in the datasets for vehicles departing and returning to the depot. 292

Cost values were obtained from the ‘Manager’s Guide to Distribution Costs’ (MGDC) 293
published in the UK by the Freight Transport Association (FTA) [32]. Courier driver 294
costs (£10.78/hour) were assumed to be those for drivers of light rigid vehicles (<7.5 tonnes 295
Gross Vehicle Mass; GVM), including pay for overtime and productivity. For courier 296
vehicles, operating costs (£0.46/mile) were assumed to be those for diesel vans (<3.5 tonnes 297
GVM) with average annual mileage (35,000 miles/year), including insurance, vehicle tax, 298
depreciation, fuel, tires, maintenance, and overheads. In consultation with PTS staff, it 299
was established that annual mileage for PTS vehicles was typically ~25,000 miles, and 300
therefore the equivalent vehicle operating cost (£0.54/mile) for diesel vans with lower an- 301
nual mileage (25,000 miles/year) in the MGDC was used for these vehicles. For con- 302
sistency, CO:z emission factors for diesel vans (0.45 kg/mile for average annual mileage; 303
and 0.49 kg/mile for lower annual mileage) were also taken from the same source. PTS 304
vehicle drivers (known as Ambulance Care Assistants) have higher costs due to their ad- 305
ditional care-giving training compared to a typical courier vehicle driver, and following 306
private communications with PTS staff, a value of ~£19.00/hour was assumed for these 307
drivers. 308

All vehicles were assumed to have one operative (i.e., the driver). For PTS vehicles, 309
in certain circumstances where patients had particular difficulty with vehicle access and 310
there was no help available at the collection and/or delivery location, two operatives were 311
required in a vehicle, which would obviously incur extra costs. However, such circum- 312
stances existed in both BAU and intervention scenarios, and so were assumed to offset 313
each other to a large extent when calculating net differences between the scenarios. 314
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Figure 5. Pathology sample packaging (left) and insulated medical carriers (right). The medium- 326
sized carrier is the middle of the three pictured. Approximately 125 pathology samples can be 327
packed into a medium-sized carrier. 328

Table 2. Capacities of PTS vehicles based at the Eastleigh depot. 329

Capacity for Pa-  Capacity for Pa-

Capacity for Pa- tients Travelling tients Travelling

tients Travelling

Capacity for Pa-

PTS Vehicle Type No. of Vehicles at tients Travelling

D Depot in Vehicle Seats ;:;hset:;ﬁ::i H‘:Vl;::::;‘d]::;rgse on Stretchers
Seated_4 3 3 0 0 0
Seated_6 1 5 0 0 0
Seated_7 9 6 0 0 0
WAV_51 5 2 2 0 0

Stretcher_4 8 3 0 0 1

Stretcher_6 4 5 0 0 1

Stretcher_7 1 6 0 0 1

Bariatric_5 2 2 0 2 0
1

WAV is Wheelchair Accessible Vehicle (note: Bariatic_5 vehicles are also wheelchair accessible). 330
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3.2. Intervention Scenario 331

In the intervention scenario, all samples were assumed to be collected by PTS vehicles 332
rather than by the external courier company currently engaged by the SCS. Task lists of 333
the patient and sample collections/deliveries to be fulfilled each day were created using 334
the historic datasets. The daily task lists were then used as inputs to commercially avail- 335
able route optimisation software (PTV Route Optimiser) to find efficient vehicle routings 336
to satisfy all collections and deliveries. 337

Each task list (i.e., each day’s unique demand profile) was imported into the software 338
to set the specific patient and sample travel requirements for each day (i.e.: patient hospi- 339
tal delivery/collection times; patient requirements to travel on a stretcher, in a wheelchair 340
or alone; sample collection times). It was agreed with PTS staff that every patient had to 341
be delivered to/collected from hospital within one hour of the start/finish of their appoint- 342
ment. Time windows for the early (AM) and late (PM) collections of samples from GP 343
surgeries were fixed at 10:00-13:00 and 15:00-18:00, respectively, and this requirement re- 344
mained static each day unlike patient requirements, which were dynamic, varying from 345
day-to-day. Occasionally, patients required end-of-life transport to hospital, and in these 346
sensitive circumstances collection of pathology samples was deemed inappropriate, and 347
this constraint was also specified in the task lists. 348

The in-vehicle time constraint for patients (i.e., maximum duration of a patient’s jour- 349
ney) was specified in the task lists as three hours in alignment with the maximum duration = 350
found in the BAU dataset (2hr 53min). The in-vehicle time constraint for pathology sam- 351
ples was more relaxed than that for patients, with the only requirement being that they 352
were delivered at any time before midnight. This was considered acceptable for samples 353
packed in insulated carriers, where (unlike for patients) comfort was not a concern. Be- 354
ing a large hospital, SGH is staffed 24 hours-a-day and it was therefore assumed that it 355
would be possible for samples to be received at any time up to midnight and stored for 356
processing. Each of the 23 working days (Mon-Fri) in March 2021 were analysed in sep- 357
arate software runs to assess the capability of the PTS fleet to cope with the dynamics of 358
daily demand. 359

Software parameters were set to reflect the available PTS vehicle capacities, which 360
involved defining a fleet of 33 vehicles with capacities for different patient travel require- 361
ments as shown in Table 2. In consultation with PTS staff, it was assumed that all PTS 362
vehicle types had the capacity for three consignments (i.e., three Versapaks) of samples 363
alongside their normal patient loads, and this was also included in the vehicle capacities 364
defined in the software settings. Vehicle dwell time per stop was set at an assumed value 365
of five minutes, with an additional five minutes (i.e., 10 minutes total) for those stops in- 366
volving loading/unloading patients with more time-consuming vehicle access require- 367
ments (i.e., travelling in wheelchairs or on stretchers). 368

Duty periods for PTS drivers in BAU (i.e., as detailed in the historic PTS dataset sup- 369
plied by PTS staff) were typically up to a maximum of 14 hours long (average of ~9.5 370
hours), and the same duration was therefore assumed to be the maximum in the interven- 371
tion scenario. Specific details of break requirements for PTS drivers were not available, 372
so drivers were assumed to have breaks in accordance with European Union (EU) rules 373
on drivers” hours, which require breaks totalling at least 45 minutes after no more than4.5 374
hours driving. Software parameters were set to reflect these duty period and break re- 375
quirement assumptions. 376

Default software parameters were used for average traffic speeds on UK road types: 377
motorway (multi-lane arterial) 85 km/h; dual carriageway (two-lane arterial) 78 km/h; pri- 378
mary (single-lane arterial) 70 km/h; main (collector) 62 km/h; minor (collector) 51 km/h; 379
and residential (local) 36 km/h. Similar to the BAU scenario, reverse logistics (i.e., return- 380
ing empty Versapaks from SGH to GP surgeries) were assumed to be accomplished dur- 381
ing normal operations. 382

The use of commercially available (i.e., off-the-shelf) software was regarded as suffi- 383
cient for finding efficient solutions at this early, feasibility stage of the assessment of the 384
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concept of PTS/SCS shared-fleet operations, and the investigation and development of 385
novel algorithmic optimisation solution methods was seen as a potential direction for fu- 386
ture research. The specific optimisation algorithm used in the software is commercially 387
sensitive and therefore confidential, but follows the traditional approach of the classic 388
Travelling Salesman Problem [33]. Although the software is not using an exact approach 389
to solve this problem, an Integer Linear Programming (ILP) mathematical formulation of 390
the problem being approximated by the route optimisation software is provided as fol- 391
lows. Let P be the set of all patients and let R be the set of all feasible routes, departing 392
from the vehicle depot and meeting all the constraints stated above such as vehicle capac- 393
ity for Versapaks (i.e.,, not more than three visits to surgeries before delivery to SGH), 394
sample collection time windows, and patient delivery/collection time windows if a patient 395
is considered within that route, and also accounting for vehicle waiting times (i.e., EU 3%
rules on drivers’ hours). Then, for each route r € R, the total time ¢, is known, calcu- 397
lated as the sum of driving, waiting and service (i.e.,, dwell) times. The list of patients 398
served by route r is denoted as p,, and m, represents the PTS vehicle type assigned to 399
the route. Note that m, can take the eight values specified in Table 2, so the types of 400
vehicles can be modelled as m € {1, ...,8}, and c,, is the capacity for each type m. Fi- 401
nally, let s, be the set of surgeries being visited by route r. Therefore, the optimisation 402
problem can be formulated as in (1), where one binary variable for each feasible route, x,, 403

is considered, and takes the value one if the route is being used in the solution. 404
Integer Linear Programming (ILP) formulation. 1) 405
Min z t X, 406
TER

x, =1, Vp €P 407

TER pIEDy
x,=1, Vs€S 408

TER SIESy
409
X, < Crmy vm € {1, ...,8} 410

TER|My=m

411
x, €{0,1} Vr €R 412
413

Vkm and duty time were extracted from route optimisation software outputs, with 414
the same cost factor values applied as those used in the BAU analysis (Section 3.1). The 415
software did not have an in-built emissions model, and therefore the same fixed emission 416
factor as used in the BAU analysis (0.49 kg/mile for PTS vehicles) was applied to vkm 417
outputs to compute CO:z emissions. The benefit of using the same cost and emission fac- 418
tor values in both the intervention and BAU scenarios was that it provided consistency 419
when comparing the two scenarios. 420

4. Results 421

The movements of PTS and SCS (i.e., courier) vehicles in the BAU scenario were an- 422
alysed, as were the movements of PTS vehicles transporting both patients and pathology 423
samples in a shared-fleet operation in the intervention scenario. The BAU analysis 424
demonstrated that there was considerable overlap between the operational area of the PTS 425
and the locations of GP surgeries sending samples to SGH via the SCS (Figure 6 and Figure 426
7), suggesting good potential for a shared-fleet operation. For the intervention analysis, 427
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the routes necessary to enable the PTS vehicles to provide a shared-fleet operation capable 428
of accommodating dynamic demand for patient transport and static demand for sample 429
transport were produced using the route optimisation software (Figure 8). Each day’s 430
unique demand was analysed using the software to assess the capability of the PTS fleet 431
to cope with the dynamics of daily demand. 432

Comparison of results from both BAU and intervention analyses (Table 3) suggested 433
that deploying a shared-fleet operation whereby loads were consolidated by the SCS shar- 434
ing the spare capacity of the PTS vehicles to collect pathology samples could reduce costs, 435
vkm, duty time and CO: emissions by 16% (£1,156/day), 13% (767 km/day), 23% (68:04 436
h:m/day) and 12% (205 kg/day), respectively. The average number of PTS vehicles (24 437
vehicles/day) used to provide the shared-fleet operation in the intervention scenario rep- 438
resented a reduction of 32% (12 vehicles/day) from the combined total of PTS and courier 439
vehicles (36 vehicles/day) used to provide independent PTS and SCS in the BAU scenario. 440

However, one caveat to these results is that, whilst the size of the existing PTS vehicle 441
fleet based at the Eastleigh depot (33 vehicles) was sufficient to undertake the shared-fleet 442
operation in the intervention scenario, it was found that the balance of the existing fleet- 443
mix (Table 2) needed to be adjusted for the shared-fleet operation to be feasible. This 444
issue and its implications are discussed in more detail in Section 5. 445
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Figure 6. Map showing movements of all PTS vehicles during an example day (4" March 2021) in 447
the BAU scenario. Heat map shows intensity of vehicle movements, blue circles show locations of ~ 448
GP surgeries, green cross shows location of SGH. 449
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Figure 7. Map showing movements of one example PTS vehicle during all weekdays in March 2021
in the BAU scenario. Heat map shows intensity of vehicle movements, blue circles show locations
of GP surgeries, green cross shows location of SGH.
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Figure 8. Map showing movements of all PTS vehicles during an example day (4" March 2021) in
the intervention scenario. Blue circle shows location of Eastleigh PTS depot. Lines with direction
arrows show vehicle routes, with each different coloured line representing the route of each differ-
ent vehicle on the example day.
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Table 3. Summary statistics for PTS and SCS in both BAU and intervention scenarios.

Scenario & Service No. of Vehicle Cost Vkm Duty Time CO2
Routes (GBP) (km) (h:m) (kg)
BAU Daily Average: !
PTS 26 £6,315 4,682 247:43 1,426
SCS 10 £782 1,137 42:10 318
PTS+SCS Total 36 £7,097 5,820 289:53 1,743
BAU Monthly Total: 2
PTS 595 £145,249 107,695 5,697:35 32,790
SCS 230 £17,991 26,156 969:50 7,309
PTS+SCS Total 825 £163,240 133,851 6,667:25 40,099
Int. Daily Average: 3
PTS/SCS Shared-Fleet 24 £5,941 5,053 221:48 1,538
Int. Monthly Total:
PTS/SCS Shared-Fleet 558 £136,644 116,215 5,101:40 35,384
Net Effect per Day:
BAU Daily — Int. Daily 12 £1,156 767 68:04 205
(% reduction) (32%) (16%) (13%) (23%) (12%)

1 BAU is Business-As-Usual. 2 Number of weekdays (Mon-Fri) in March 2021 was 23. 2 Int. is
Intervention.

5. Discussion

The analysis has shown that a shared-fleet operation involving the integration of
static and dynamic demand, utilising public sector own-account vehicles appears feasible,
with all requirements for transport of both patients and pathology samples during the
month of March 2021 being satisfied by the PTS and the SCS collaborating to share capac-
ity on the PTS vehicle fleet. The benefits (i.e., net reductions in cost, vkm, duty time and
CO2 emissions of 16%, 13%, 23% and 12%, respectively, Table 3) suggested that policies
that actively seek-out opportunities to deploy shared-fleet solutions to improve vehicle
utilisation should be pursued by management and decision-makers within public sector
organisations that operate own-account vehicle fleets (such as the NHS), regardless of
whether the demand for transport under consideration is static or dynamic, or some com-
bination of both. The benefits of such policies are likely to reduce public sector spending
and help alleviate the considerable problems associated with road-based logistics (e.g., air
pollution, climate change, traffic congestion). Whilst the study was focused on a large
public sector organisation in the UK (i.e., the NHS), it is also likely to have relevance to
similar situations around the world where other public sector organisations (e.g., munic-
ipal authorities, healthcare providers, government departments, education providers, in-
frastructure providers) operate own-account vehicle fleets that could benefit from load
consolidation through sharing vehicle capacity.

Regarding costs, for the situation analysed in this study, it is likely that the cost sav-
ings to the NHS could be greater than those suggested by the results (i.e., 16% reduction
in Table 3, equating to a saving of £1,156/day). This is because the cost of the SCS in the
BAU scenario was estimated as the cost incurred by the courier company in providing the
collection service. As a commercial enterprise, it is highly likely that the courier com-
pany would add a profit margin on top of its own costs when tendering for the SCS con-
tract. Therefore, the cost savings to the NHS generated by avoiding the need to engage
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an external courier company could be greater than those suggested. Moreover, organis- 488
ing and conducting the tender process necessary for public sector procurement would 489
itself consume NHS financial and labour resources, and this additional drain on resources 490
would be avoided if the need to engage an external courier could be eliminated. 491

Whilst the size of the PTS fleet based at the Eastleigh depot (33 vehicles) was suffi- 492
cient for the shared-fleet operation to be feasible, it was found that the balance of the ex- 493
isting fleet-mix (Table 2) needed to be adjusted to enable all demands for transport to be 494
fulfilled in the intervention scenario. PTS vehicles of the type Seated_7 were found tobe 495
under-utilised, and eight vehicles of this type needed to be replaced by two more of type 49
WAV_5 and six more of type Bariatric_5 for the shared-fleet operation to be feasible. The 497
necessary fleet-mix was obtained by noting the lack of wheelchair capacity in initial out- 498
puts of the route optimiser software (i.e., some demand for transport of patients requiring 499
travel in standard or extra-large wheelchairs was left unsatisfied), and then incrementally 500
increasing wheelchair capacity (i.e., increasing numbers of WAV_5 and Bariatric_5 vehicle 501
types as replacements for the under-utilised Seated_7 type) and repeatedly re-running the 502
software until a solution was produced that satisfied all demand on all days. 503

Considered as a whole, the PTS has many vehicles (n=480) of all types distributed at 504
multiple depots across Southern England and it may well be possible to achieve the nec- 505
essary fleet-mix in the short-term by exchanging vehicles between depots to enable the 506
shared-fleet operation to be deployed. Over the longer-term, a more gradual change to- 507
wards the necessary fleet-mix could be achieved as older vehicles are replaced by newer 508
models. Due to their extra facilities, it is possible that PTS vehicles accommodating 509
wheelchairs (e.g.,, WAV_5 and Bariatric_5) may incur higher capital costs than vehicles 510
with only seated provision (e.g., Seated_7). Information on PTS vehicle costs was not 511
available, but if this is the case, replacing seated-only vehicles with new wheelchair-capa- 512
ble ones would erode the potential cost savings available from a shared-fleet operationin 513
the real-world. 514

The necessary fleet-mix was determined based on operations in March 2021, and be- 515
fore PTS staff begin to consider the process of re-organisation and/or vehicle purchasing 516
aimed at adjusting the fleet-mix, it would be advisable to analyse other operational time 517
periods to understand what combination of vehicle types meets transport demand in dif- 518
ferent operating scenarios. This is an area recommended for further research. 519

If adjusting the fleet-mix proves to be impracticable, another potential approach 520
could be to reduce the geographical scale of the shared-fleet operation so that it can be 521
serviced by the existing PTS fleet-mix (i.e., existing numbers of vehicle types as shownin 522
Table 2). With reference to Figure 9, an obvious way to reduce the scale would be to 523
exclude the 16 (out of 78 total) GP surgeries located in more rural locations in the New 524
Forest National Park on the Western periphery of the PTS operational area. More rural = 525
surgeries such as these typically require disproportionate amounts of driving distance and 526
time to service. 527

In these circumstances, the excluded rural surgeries could continue to be serviced by 528
an external courier company. Whilst not entirely avoiding the need to engage a courier 529
company (and the resource consumption inherent in the procurement process itself), this 530
is likely to be less expensive for the NHS to procure than the current (i.e.,, BAU) situation 531
because the number of surgeries would be greatly reduced (78 reduced to 16), although 532
the reduction in expense is unlikely to be linear because of the disproportionate amounts 533
of driving distance and time associated with servicing rural surgeries. 534

Another option for servicing rural surgeries could be a separate shared-fleet opera- 535
tion provided by PTS vehicles based at a different depot located in closer proximity to the 536
rural surgeries (e.g., Totton PTS depot, Figure 9). It is also possible that new logistics 537
modes such as Uncrewed Aerial Vehicles (UAVs, commonly known as drones) could be 538
utilised to service the rural surgeries, offering benefits such as decreased travel times and 539
improved accessibility in rural locations, although this may be a prohibitively expensive 540
option until drone technology matures and automates [34]. All these alternative 541
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approaches would require further investigation should they become necessary due to an 542
unwillingness or inability to adjust the fleet-mix at the Eastleigh PTS depot to enable the 543
provision of a shared-fleet service that can cover all GP surgeries. This is suggested as 544
an area for further research if/when necessity dictates. 545

The average number of PTS vehicles (24 vehicles/day) used to provide the shared- 546
fleet operation in the intervention scenario was fewer than the average number (26 vehi- 547
cles/day) used by the PTS to transport only patients in the BAU scenario (Table 3). More- 548
over, the average duty time per route for PTS vehicles in the intervention scenario 549
(221:48/24 = 9:08 duty hours/route) was slightly lower than in the BAU scenario (247:43/26 550
= 9:34 duty hours/route) (Table 3). Both these findings suggested that the route optimi- 551
sation process employed during the intervention analysis produced more efficient vehicle 552
routings than those achieved in the real-world (i.e., as described in the historic PTS vehicle 553
movement dataset for the BAU scenario). 554

A potential reason for this was that PTS route planners deliberately insert additional 555
time (i.e., spare time capacity) into real-world vehicle schedules as a contingency measure 556
to ensure service level agreements regarding avoiding delays to collection/delivery of pa- 557
tients are satisfied, even if vehicles encounter unforeseen eventualities that could occurin 558
practice, such as above average levels of traffic congestion (average traffic speeds were 559
assumed in the route optimisation software), delays due to patient loading complexities, 560
or difficulties in navigating to desired locations. In addition, there may have been more 561
spare time capacity than normal in the real-world schedules in March 2021 because of the 562
effects of the COVID-19 pandemic acting to: (i) suppress patient transport requirements 563
(i.e., fewer patients going to hospital for routine appointments due to COVID-19 re- 564
strictions); and (ii) suppress road traffic (i.e., less road travel due to COVID-19 re- 565
strictions), leading to lower levels of congestion. 566

On average, patients spent longer in-vehicle in the intervention scenario (i.e., patient 567
journeys were elongated), which was expected because PTS vehicles had to perform ad- 568
ditional vkm and stops in order to collect samples. Average in-vehicle time for patients 569
was 1hr 01min compared to 29 min in the BAU scenario. Confirmation of acceptable pa- 570
tient in-vehicle times was not available, and if longer times were unacceptable in the real- 571
world, then more restrictive constraints on scheduling would make the potential benefits 572
of a shared-fleet operation more difficult to achieve in practice. Average in-vehicle time 573
for pathology samples increased as well, from 1hr 04min in the BAU scenario to 1hr 21min 574
in the intervention scenario, although this was considered acceptable for samples packed 575
in insulated carriers, where (unlike for patients) comfort was not a concern. 576

In general, there are a number of practical realities that could be barriers to and/or 577
constraints impacting on the deployment of a shared-fleet operation in the real-world [7, 578

10]. For example, factors such as: 579
i) preferred collection/delivery times; 580

if) effects of unforeseen vehicle delays; 581

iii) the need to meet existing service level agreements; 582

iv) safe on-board stowage of samples; 583

V) quality control for sample transport (e.g., monitoring detrimental in-vehicle 584
conditions such as high temperature or vibration); 585

vi) liability for injury to patients or loss/damage of samples; 586

vii) overcoming reluctance to use an alternative transport provider and convinc- 587

ing all parties (e.g., GP surgeries, PTS vehicle drivers, SCS and PTS manage- 588
ment staff, pathology laboratory personnel) of the benefits of participation; 589

viii)  availability of spare capacity in PTS vehicles; 590
ix) allocating responsibility for route scheduling; 591
X) developing a new business model to procure transport internally on an inter- 592

departmental basis (i.e., between the PTS and SCS, both departments within 593
the NHS), rather than externally from a commercial courier company, 59
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including agreements on the cost allocation and management processes in- 595

volved. 596

These barriers and/or constraints mean that, in practice, it may be more difficult to 597
realise fully the theoretical benefits suggested in this study, and resolutions would need 598
to be negotiated and agreed between the parties before a shared-fleet operation could be 599
implemented. The obvious way to investigate and quantify the benefits achievable in 600
practice is through conducting real-world trials of a shared-fleet collaboration between 601
the PTS and SCS. Driven by the potential benefits reported in this paper, such trials ap- 602
pear to be justified and are the apparent next step for further research. 603
The historic pathology sample generation dataset used in the analysis suggested that 604
demand was reasonably static over time, with surgeries generating approximately the 605
same numbers of samples month-by-month with no seasonal peaks evident. This steady 606
demand means that, in a real-world implementation, the PTS vehicle fleet would be un- 607
likely to face any unexpected sample collection requests in addition to those already in- 608
cluded in the analysis. 609
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Figure 9. Map showing locations of rural GP surgeries and alternative PTS vehicle depot. Red cir- 611
cle shows location of Eastleigh PTS depot, red triangle shows location of possible alternative PTS 612
depot (Totton), blue circles and orange squares show locations of GP surgeries (orange squares iden- 613
tify more rural surgeries), green cross shows location of SGH. 614

6. Conclusions 615

The key findings of the research were that a shared-fleet operation involving the in- 616
tegration of static and dynamic demand, utilising public sector own-account vehicles was 617
both feasible and beneficial. The potential benefits of collaboration between the PTSand 618
the SCS to share spare capacity on the PTS vehicle fleet included a 16% reduction in costs, ~ 619
a 13% reduction in vkm and a 12% reduction in CO2 emissions. 620

The implication for management and decision-makers within public sector organisa- 621
tions that operate own-account vehicle fleets is that pursuing policies that actively seek- 622
out opportunities to deploy shared-fleet solutions to improve vehicle utilisation are likely 623
to be beneficial and offer the prospect of reductions in public sector spending. The next 624
step in generating evidence to support this implication would be to conduct real-world 625
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References

trials of shared-fleet operations to investigate the effect that practical realities may have
on the benefits that can be achieved. These practical realities include barriers and/or con-
straints such as the need to develop a new business model to procure transport internally
on an inter-departmental basis, rather than externally from a commercial courier com-
pany, including agreements on the cost allocation and management processes involved.

In summary, the principal contributions of this study were three-fold: i) evidence was
provided in support of the feasibility and potential benefits of collaborative shared-fleet
operations involving public sector own-account vehicle fleets and integration of static and
dynamic demands for transport of specialised payloads, a situation that has not been ad-
dressed in previous studies reported in the literature; ii) potential benefits of such collab-
orations were quantified; and iii) scope was identified for wider deployment of shared-
fleet operations by other public sector organisations in similar situations around the
world. In addition, the study contributed to rectifying the situation identified in recent
reviews of research relevant to shared-fleet collaborations whereby there is a general
shortage of studies based on real-world activity data (Section 2).
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