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ABSTRACT 

 

Strengthening the resilience of integrated urban water systems (UWS) comprised of water 
supply and sewer systems against floods and water shortages can be a challenging task. In 
this paper, a new set of resilience performance indicators is introduced for concurrent 
assessment of both failure conditions of water shortage and floods in the UWS. A number of 
potential intervention strategies such as rainwater harvesting (RWH) and greywater recycling 
(GWR) schemes for enhancement of UWS resilience are evaluated through a conceptual model 
of urban water metabolism assessment. Modelling of main UWS components is conducted 
using the WaterMet2 to simulate the performance of intervention strategies in UWS through 
urban water metabolism. WaterMet2 calculates key performance indicators of urban water 
metabolisms over a long-term planning horizon that can be used to calculate various resilience 
performance indicators. The demonstration of the suggested approach on a real-world case 
study reveals how different elements of resilience performance can be improved in the UWS 
by specific strategies against failure events such as flood and water shortage conditions. 
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1. INTRODUCTION  
 
In general, resilience in a system is defined as the system ability to withstand (i.e. absorb and 
bounce back from) shocks and pressures, whether economic, climatic or demographic in 
nature. On the other hand, system resistance can be also defined as the ability to prevent 
system from structural or functional failures [1]. These two complementary concepts needs to 
be considered when designing/retrofitting a system. In particular, resilience in water systems 
has been interpreted, defined and evaluated by various authors. Since Hashimoto et al. (1982), 
who initiated the first definition of resilience in water systems, many researchers and 
practitioners developed multiple definitions for resilience later on [2, 3]. The common definition 
of resilience states that how quickly a system can recover/return from a failure/unsatisfactory 
to normal/satisfactory state [1, 4, 5]. Butler et al. (2017) define the resilience as to minimise the 
level of service failure magnitude and duration [5]. Regardless of different interpretations of 
resilience, all this is usually used as performance measure/indicator of sustainability criteria in 
water systems [4]. Due to different interpretations of resilience in water systems, it should be 
defined as a multi-component indicator in water systems [6]. Resilience may also be expressed 
with other indicators (e.g. reliability, robustness, sustainability and vulnerability) to represent 
the overall system performance. Although most of these performance indicators are seen as 
separate, they can be sometimes complementary, dependent or conflicting entities [5]. For 
example, reliability is necessary for resilience but not sufficient and vulnerability can be defined 
as contrary to resilience [7].  
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The abovementioned resilience indicators has been defined and applied separately for analysis 
of intervention strategies implemented in either water supply systems [2, 6, 8, 9] or 
wastewater/stormwater systems [11, 12, 13]. However, when analysing intervention strategies 
that may have impact on both water supply and sewer systems (e.g. water recycling schemes), 
performance assessment of resilience for all components are of paramount importance. In other 
words, for assessment of intervention strategies in integrated urban water systems (IUWS), 
resilience should be analysed concurrently for both water supply and sewer systems. For 
example, both water shortage and flood resilience need to be enhanced simultaneously for 
many IUWS. Despite a plethora of research works and technical reports related to resilience in 
water systems, none of them has considered the resilience improvement for IUWS. Drawing 
upon the various available definitions of resilience, this paper aims to develop new multi-
component indicators for resilience that represent a comprehensive picture of resilience in 
IUWS and evaluate the performance assessment of water shortage and excess runoff (flood) 
resilience in IUWS for a number of water recycling schemes. The multi-component resilience 
indicators are estimated by using a conceptual urban water metabolism model called WaterMet2 
to simulate the performance of IUWS [14]. The demonstration of the suggested approach on a 
real-world case study reveals how the performance of flood and water shortage resilience of 
IUWS can be evaluated for different strategies which will help decision makers select 
appropriate strategies that can lead to the resilient IUWS of interest. 
 

2. METHODOLOGY 
 
This study uses various concepts of resilience performance assessment of water systems to 
develop multi-component resilience indicators for concurrent analysis of water recycling 
intervention strategies that can influence both water supply and sewer systems. This approach 
is used for performance assessment of water shortage and flood resilience in IUWS. In this 
study, water shortage resilience is analysed for water supply system under population growth 
while flood resilience is evaluated for sewer system under standard historic climate. The 
intervention options analysed here include a number of separate rainwater harvesting (RWH) 
and greywater recycling (GWR) schemes implemented in IUWS. All this is analysed through an 
integrated model that incorporates main components of IUWS including water supply and sewer 
systems. Performance assessment of these interventions in IUWS is undertaken by using the 
WaterMet2 model for a long-term planning horizon. Further details of multi-component 
resilience indicators, the IUWS model, case study and associated assumptions are presented 
in the next sections.  
 

2.1 Multi-component resilience indicators  
 
Most of the references outlined above indicate that resilience concept in urban water systems 
(UWS) is related to the ability of these systems to recover/return from failure conditions such 
as excess runoff and water shortage to a normal state. However, interpretation of researchers 
and practitioners are subtly variant which has led to different indicators for quantifying resilience 
in the IUWS. For example, some researchers have expanded flood resilience in four capacities 
‘incorporating the above definition as: 1) to avoid damage; 2) to reduce damage if a flood 
exceeds a desired threshold; 3) to recover quickly to a normal state, and 4) to adapt to an 
uncertain future [3]. In other words, this implies that resilient cities are less vulnerable and more 
resistance against extreme flood events. The same definition can be extended for water 
shortage resilience.  
 
Based on the definitions in the literature, a multi-component resilience is defined here in Table 
1 through six indicators which can be applied to both water supply and sewer systems. These 
indicators can represent some specific perspectives and interpretations of resilience concept in 
UWS. The first two resilience indicators are to maximise recovery rate from failure to normal 
conditions (how quickly the system returns from unsatisfactory to satisfactory state) as indicated 
in Hashimoto et al. (1982) and Loucks et al. (2005) for water supply system [2, 4]. While the 
first indicator only focuses on the largest failure duration in a planning period, the second one 
takes average failure duration in the same period. These indicators are partially coincide with 
the resilience definition of minimising service failure magnitude and duration [5]. Note that 
failure modes analysed here are functional failure [12] and it occurs when water demand is not 



fully met in water supply system or runoff exceeds the sewer capacity in sewer system. It should 
also be noted that the indicators analysed in this study cannot be exhaustive measuring all 
aspects of resilience and other resilience indicators can be developed based on social, 
technical, and socio-technical frameworks of water systems [5,10]. 
 

Table 1. Multi-component resilience indicators in UWS 

No Name Water supply system  Sewer system  Ref. 

1 Min 
recovery 
rate 

1

𝑀𝑎𝑥 𝑇𝐹
  

where Max TF = the longest failure 
duration i.e. time period that water 
demand is not fully delivered 

1

𝑀𝑎𝑥 𝑇𝐹
  

where Max TF = the longest failure 
duration i.e. 
time period that runoff exceeds 
sewer capacity  

[9,10] 

2 Average 
recovery 
rate 

1

𝐴𝑣𝑒(𝑇𝐹)
 

where Ave (TF)= average failure 
duration as above over the 
planning horizon 

1

𝐴𝑣𝑒(𝑇𝐹)
 

where Ave (TF)= average failure 
duration as above over the 
planning horizon  

[2,4,6,9,10] 

3 Max 
Severity 

𝑀𝑎𝑥 (
𝐷𝑖 − 𝑆𝑖

𝐷𝑖

) × 100 

𝑖𝑓 𝐷𝑖 > 𝑆𝑖 
where Si = water supply at time 
step i and Di = water demand at 
time step i  

𝑀𝑎𝑥 (
𝑅𝑖 − 𝐶𝑖

𝐶𝑖

) × 100 

𝑖𝑓 𝑅𝑖 > 𝐶𝑖 
where Ri=runoff generated at time 
step i and Ci= conveyance 
capacity at time step i  

[6,10] 

4 Average 
severity 

𝐴𝑣𝑒 (
𝐷𝑖 − 𝑆𝑖

𝐷𝑖

) × 100 

𝑖𝑓 𝐷𝑖 > 𝑆𝑖 
as above where average water 
deficit over the planning horizon is 
calculated. 

𝐴𝑣𝑒 (
𝑅𝑖 − 𝐶𝑖

𝐶𝑖

) × 100 

𝑖𝑓 𝑅𝑖 > 𝐶𝑖 
as above where average excess 
runoff over the planning horizon is 
calculated. 

[8,10] 

5 Max 
volumetric 
severity 

𝑀𝑎𝑥 (
∑(𝐷𝑖 − 𝑆𝑖)

∑ 𝐷𝑖

) × 100 

𝑖𝑓 𝐷𝑖 > 𝑆𝑖 
as above where the largest 
consecutive water deficit is 
calculated. 

𝑀𝑎𝑥 (
∑(𝑅𝑖 − 𝐶𝑖)

∑ 𝐶𝑖

) × 100 

𝑖𝑓 𝑅𝑖 > 𝐶𝑖 
as above where the largest 
consecutive excess runoff is 
calculated. 

[6] 

     
6 Average 

volumetric 
severity 

𝐴𝑣𝑒 (
∑(𝐷𝑖 − 𝑆𝑖)

∑ 𝐷𝑖

) × 100 

𝑖𝑓 𝐷𝑖 > 𝑆𝑖 
as above where the average 
consecutive water deficit over the 
planning horizon is calculated. 

𝐴𝑣𝑒 (
∑(𝑅𝑖 − 𝐶𝑖)

∑ 𝐶𝑖

) × 100 

𝑖𝑓 𝑅𝑖 > 𝐶𝑖 
as above where the average 
consecutive excess runoff over 
the planning horizon is calculated. 

[6] 

 

In addition to the first two indicators, the remaining four resilience indicators are introduced to 
address minimising the service failure magnitude represented as severity [6]. This can be 
represented in four states including 1) maximum severity in a time step over the planning 
horizon (#3 in Table 1); 2) average severity of failure throughout the planning horizon (#4); 3) 
maximum volumetric severity of consecutive failures in time steps (#5); 4) average volumetric 
severity of consecutive failures throughout the planning horizon (#6). More specifically, the 
magnitude of water deficit (severity) is considered for resilience metric in water supply system 
as either maximum single event/consecutive events or average ones over the planning horizon. 
However, magnitude of excess runoff is considered for resilience metric in sewer system and 
defined similar to those in water supply system.  
 



All indicators in Table 1 can be calculated by using the time series of water flows in IUWS over 
its design life. For water supply, required flows include water demand and supply with some 
periods of water shortage to properly evaluate resilience as the system should be subject to 
exceptional conditions [5]. The water shortage can be due to either limiting water resources or 
population growth. For sewer system, the flows required for calculation of resilience indicators 
are 1) runoff generated in urban areas as a result of rainfall-runoff modelling; 2) conveyance 
capacity of sewer system. Time series of these basic flows are obtained here from simulation 
of urban water metabolism performance in IUWS. This is undertaken through WaterMet2 model 
which is outlines below.  
 

2.2 Urban water metabolism model  
 
WaterMet2 used here as the urban water metabolism model is a conceptual and mass-

balanced-based model for simulation of the performance of IUWS over a long-term planning 

horizon [14]. The WaterMet2 model with daily time step tracks down different flows and fluxes 

(e.g. water, energy, greenhouse gas emissions and materials) within IUWS. WaterMet2 tracks 

down water flows both in water supply system from water resources up to water demand profiles 

and in sewer system from collecting stormwater/wastewater to discharging to receiving water 

bodies. WaterMet2 adopts a simplified but distributed approach for conceptual modelling of the 

main physical UWS components in the main infrastructures of water supply and wastewater 

including separate/combined sewer networks. WaterMet2 inherited the mass-balanced and 

distributed modelling approach from some tools such as UVQ [15] and combined it with 

industrial ecology based modelling approach. All this enables WaterMet2 to simulate water 

recycling interventions such as RWH and GWR in which collected rainwater (in RWH) and 

greywater (in GWR) can be used in water supply system for water demand profiles. WaterMet2 

tracks down daily time series of water demands delivered to customers and runoff generated 

and excess stormwater overflowed in sewer system over a long-term (e.g. 20-40 years) horizon. 

These time-series can be used as the basis for calculating different resilience indicators 

described above. Note that failure durations (e.g. periods that demand is less than supply) lower 

than the smallest time step of the WaterMet2 simulation model (i.e. daily) cannot be captured 

in this study.  

 

3 Case study  
 

3.1 Description 

The suggested methodology is demonstrated here on a real-world IUWS of a northern 

European city with highest population growth over a 30 year planning horizon [11, 14]. The real-

world IUWS including water supply, wastewater and stormwater collection (combined sewer) 

systems was modelled here by using the WaterMet2 tool. The main input data for modelling 

runoff and water demands in IUWS model are given in Table 2. The key characteristics of the 

IUWS and the model calibration procedure can be found in [14]. The performance of two 

individual intervention strategies including RWH and GWR schemes with different capacities 

are evaluated in this study and compared with business as usual (BAU) state in which no water 

recycling schemes is added to the IUWS over the planning horizon. Note that only water 

recycling interventions are analysed in this study due to their concurrent impact on both water 

supply and sewer systems compared to other interventions (e.g. additional water resources or 

treatment works) [11]. For the purpose of performance comparison with BAU, all water recycling 

interventions are assumed to be available in the analysed capacity from the first year of the 

planning horizon. The following assumptions are considered for water recycling intervention 

options. 



 

 

 

Table 2 Input data related to water demands and runoff modelling 

Parameter description  Value Parameter description  Value 

Proportion of roof surface areas  9% Number of households 160,000 

Proportion pavement and road surface 
areas 

7% Total area of surfaces 8450 ha 

Proportion of permeable surface areas  84% 
Average occupancy per 
household 

2.35 

Runoff coefficient of impermeable 
surface areas 

95% Indoor water demand 
180 
L/day/capita 

Infiltration coefficient for permeable 
surface areas 

30% Industrial water demand 27.4 ML/day 

Annual average rainfall depth 
803 
mm 

Household garden 
watering demand 

31.75 ML/day 

 

Based on the recommendations for conventional design, the tank capacities of the household 

RWH schemes are set equal to 3m3 [16]. The RWH scheme is assumed to collect runoff from 

roofs, roads and pavements and to supply water for toilet flushing, garden watering and 

industrial usages. Assuming adoption rate of the RWH scheme of 50% by the households, the 

IUWS is analysed for four design capacities of RWH. Each design capacity is considered as a 

percentage of conventional design capacity of RWH outlined above. They include: 1) 10% of 

full capacity, i.e. 0.048 million cubic metres (MCM) (i.e. 0.1×160,000×3×10-6); 2) 25% of full 

capacity, i.e. 0.12 MCM; 3) 50% of full capacity i.e. 0.24 MCM and 4) full (100%) capacity i.e. 

0.48 MCM. The GWR scheme is assumed to collect greywater (i.e. from the hand basin, 

dishwasher, shower, washing machine and frost tapping) and treated greywater is used for the 

provision of toilet flushing, household garden watering and industrial uses. Similarly, a single 

representative GWR scheme assuming 50% of household adopting this scheme is analysed 

for the following capacities (similar to RWH as percentage to conventional design capacity): 1) 

9,750 m3; 2) 19,500 m3; 3) 39,000 m3 and 4) 78,000 m3. 

 

3.2. Results and Discussion 
 

The IUWS is first modelled by WaterMet2 and calibrated by historic measurement data in water 

supply and sewer systems [14]. Then, it is simulated for the BAU state for a period of 30 years 

with daily time step and highest rate of population growth. Due to increasing water demand 

over the planning horizon and limited water resources, water supply system in the BAU 

encounters unmet water demand which is rather small in the first years but increases up to 27% 

water deficit towards the end of the planning horizon. Sewer system under historic rainfall data 

also encounters excess runoff over the planning horizon. Following this, the two water recycling 

intervention strategies (RWH and GWR) with different capacities outlined above are simulated 

and all resilience indicators introduced here are calculated and compared in Figs. 1 and 2. 

Fig. 1 presents the recovery rate resilience indicators for 9 strategies including (1) BAU, (2) 

RWH (with capacity of 0.048MCM), (3) RWH (0.12MCM), (4) RWH (0.24MCM), (5) RWH 

(0.48MCM), (6) GWR (0.00975MCM), (7) GWR (0.0195MCM), (8) GWR (0.039MCM), (9) GWR 



(0.078MCM) for water supply and sewer systems. The best minimum recovery rate for water 

supply system is GWR strategy with capacity of 0.078MCM which is able to reduce the largest 

failure duration from 4421 days in BAU to 336 days. It should be noted that this reduced failure 

duration (i.e. 336 days) cannot be acceptable in practice and hence other measures need to be 

added to this strategy. The next most resilient strategy with respect to this indicator is RWH 

strategies (0.24MCM and 0.48MCM) with 539 days of demand failure. However, when 

comparing the average recovery rate, RWH strategies (0.24MCM and 0.48MCM) with average 

20 days of demand failure are the most resilient ones (compared with 71 days of the BAU) 

followed by strategies of GWR (0.078MCM) and RWH (0.12MCM) with 21 days of failure 

duration. This indicates most of RWH strategies with enough capacities generally outperform 

GWR strategies in water supply system. On the other hand, improvement of resilience 

performance of recovery rate in sewer system is modest in all analysed strategies relative to 

the BAU. This is observed in the reduction of maximum failure duration of excess runoff by 1 

or 2 days only compared to 10 days of failure duration in the BAU (i.e. 0.1 recovery rate) and 

only less than 0.1 days in reduction of average failure duration. Such a trivial improvement can 

be linked to the fact that this maximum failure duration only happens in the late periods of the 

analysing period when the highest population reaches in UWS. This shows temporally 

appropriate and additional interventions should be taken for that period to substantially reduce 

such large resilience failures. 

 

  

  
Fig. 1. Recovery rate resilience indicators of different strategies: (1) BAU; (2) 

RWH(0.048MCM); (3) RWH(0.12MCM); (4) RWH(0.24MCM); (5) RWH(0.48MCM); (6) 

GWR(0.00975MCM); (7) GWR(0.0195MCM); (8) GWR(0.039MCM); (9) GWR(0.078MCM). 

 
Fig. 2 shows the performance of strategies for resilience indicators that minimise IUWS failure 
magnitude (severity). All water recycling strategies have a relatively small impact on 
improvement of max severity in water supply system (up to 21% reduction for GWR strategy 
with 0.078MCM) compared to more considerable impact on average severity (up to 43% for the 
same strategy, i.e. GWR with 0.078MCM). Whilst GWR strategy with 0.078 MCM (#9) is the 
most resilient one with respect to maximum and average severity in water supply system, the 
best resilience in sewer system based on the same indicators is RWH strategy with 0.48MCM 
(#5). The same trends are in place between strategies for resilience based on maximum and 
average volume severity. In other words, performance of RWH strategies in this study seems 
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to outperform GWR ones for reduction in all aspects of failure magnitude (severity) in sewer 
system while GWR strategies have relatively better performance in water supply system. It 
should also be noted that these strategies per se are unable to achieve sustainable IWUS with 
respect to resilience indicators without having new interventions in appropriate times. 
 
 

  

  

  
  

  
Fig. 2. Severity-related resilience indicators (%) of different strategies: (1) BAU; (2) 

RWH(0.048MCM); (3) RWH(0.12MCM); (4) RWH(0.24MCM); (5) RWH(0.48MCM); (6) 

GWR(0.00975MCM); (7) GWR(0.0195MCM); (8) GWR(0.039MCM); (9) GWR(0.078MCM). 

 
Figs. 3 and 4 show the daily variations between runoff generated and capacity of sewer system 
over the first five years (Fig. 3) and between water demand and supply over the simulation 
period (Fig. 4) in three strategies including BAU, RWH with 0.48MCM and GWR with 
0.078MCM. By comparing the runoff generated in water recycling strategies, it is evident that 
the RWH strategy can absorb more runoff due to its larger capacity relative to the GWR strategy 
that reduces sanitary sewage discharge into combined sewer system. This enables the RWH 
strategy to withstand some small excess runoff events that normally occur in the BAU. It should 
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be noted that the conveyance capacity of sewer system is defined here as a function of 
available volume (V) i.e. Q=a×Vb [14] and hence conveyance capacity at each time step is 
variable depending on the water volume in sewer system at that time step. Generally, the daily 
conveyance capacity is reduced after a rainy day as it is part full. Other potential interventions 
to increase the resilience of sewer system can be suggested as adding on-line and off-line 
storage capacity to the sewer system. In addition, comparing water recycling strategies with the 
BAU for water demand/supply variations show that the GWR strategy is able to better resist 
small shocks of unmet demand in early years and reduce the failure magnitude during large 
shocks towards the end of the planning horizon. This can be due to the fact that periods of 
collected rainwater (i.e. rainy season) do not exactly match the periods of unmet demand (i.e. 
dry season) although the capacity of the RWH strategy is much larger than that in the GWR 
strategy. 
 

 
Fig. 3. Variations of runoff generated and conveyance capacity of sewer system over the 

first five years in three strategies of BAU (upper graph), RWH with 0.48 MCM capacity 

(middle graph) and GWR with 0.078 MCM (lower graph) 

 
Fig. 4. Variations of water demand and supply over the analysing period in three 

strategies of BAU (upper graph), RWH with 0.48 MCM capacity (middle graph) and GWR 

with 0.078 MCM (lower graph) 
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Runoff generated in the BAU Strategy Conveyance Capacity of Sewer System

Runoff generated in the RWH(0.48MCM) Strategy Conveyance Capacity of Sewer System

Runoff generated in the GWR(0.078MCM) Strategy Conveyance Capacity of Sewer System
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When comparing these results and discussion in Figs. 1 and 2, it can be concluded that no 
unique water recycling strategy can be found as the best resilience performance for reduction 
in both duration and magnitude of failure in this case study. This has also been highlighted by 
Butler (2016) who noted that there is no single best approach for all situations of resilience [17]. 
As a result, for selection of a new strategy based on resilience-based performance criteria, all 
resilience definitions need to be addressed and estimated for concerning systems and 
improvement of resilience indicators of interest should be analysed based on the preferences 
of stakeholders and decision makers.  
 
In addition to resilience performance, other aspects of the sustainability framework in water 
systems (e.g. economic and environmental) should be considered for decision making when 
analysing intervention strategies. For example, the above analyses show that GWR strategies 
outperform RWH strategies in water supply system with respect to failure magnitude, while 
GWR schemes per se use over three time more energy than RWH schemes [14] which can be 
less environmentally favourable solution due to increased greenhouse gas (GHG) emissions. 
This conclusion although needs a more comprehensive assessment (e.g. by using urban water 
metabolism framework) due to less energy used in other components (e.g. water supply or 
wastewater systems). Furthermore, one key aspect of decision making for a new strategy is the 
cost-effectiveness of the most resilient strategy. For example, in some of results discussed 
above, RWH strategy with 0.48MCM was the most resilient strategy with no or trivial difference 
for improvement of flood resilience when compared with RWH strategy with 0.24MCM. This 
little difference may play a prominent role when halving total capital investment for developing 
RWH schemes is important for stakeholders. The capacity of RWH schemes can also be 
reduced while maintaining the same performance of flood resilience by making RWH schemes 
smarter in which they can empty the storage tank well in-advance before following rainfalls [18]. 
 
 

4. CONCLUSION 
 
Different aspects of IUWS resilience (i.e. system failure magnitude and duration [5]) were 
analysed here. Twelve resilience indicators were proposed for concurrent analysis of water 
supply and sewer systems to address both water excess (floods) and water shortage failure 
conditions. Urban water metabolism model was used to evaluate a number of water recycling 
intervention strategies (RWH and GWR) for resilience analysis. The results obtained on a case 
study of a Northern European city show that, there is no single best intervention solution that 
can reduce both failure duration and magnitude in water supply and sewer systems. For 
example, failure magnitude of excess runoff can be minimised using the RWH based strategies 
but failure duration of excess runoff is minimised using the other, GWR based strategies. Also, 
performance of intervention strategies for different severity-based resilience indicators seems 
to be relatively similar. Finally, other assessment criteria (e.g. economic and environmental) 
should also be included when selecting the new intervention strategies. The findings presented 
here are limited to the case study analysed in this paper and their generalisation requires further 
application to other case studies. 
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