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Chapter 3

This chapter is a synthesis of previously published material from Interreg IVb project Skills 
Integrations and New Technologies (de Beer et al., 2012 and Ashley et al., 2012) as well as the 
Norwegian Research Council funded project Urban WATCH (de Beer et al, 2015) with minor 
modifications to the original publications. Section 3.2.6.3 (level 3 assessment) has not been pub-
lished previously.
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3.  Cultural heritage and sustainable urban water management 

Abstract

The objective of water management in urban areas is to ensure that no damage 
is caused during peak periods of precipitation and that prolonged periods 
of drought do not cause problems either within or outside of the city limits. 
The water balance is fundamentally important for the preservation conditions 
of organic archaeological remains primarily through its influence on oxygen 
supply. Urbanization and increased pressure on growing urban areas has 
inspired and forced a shift in focus from conveyance and transport towards re-
establishing the natural (pre-urbanised) water balance. Over the past several 
years, the “traditional” policy to rapidly discharge storm water to the surface 
water system has been changed. The aim is now to buffer, infiltrate and delay 
runoff of rainwater on-site, using sustainable urban drainage systems. This 
paradigm provides a unique opportunity to improve the preservation conditions 
in locations with organic archaeological deposits. Presenting multiple benefits 
of sustainable solutions in relation to cultural heritage preservation, ideally 
monetised and couched in “sustainability” language, offers the best possibility 
to get options taken up.

3.1.  The urban water balance

Water is constantly in motion under the influence of gravity or pressure differences. Precipitation 
falls on the land and on the water. Part of the precipitation that falls on the land is absorbed by 
foliage (canopy interception), part evaporates (transpiration), part seeps into the soil (infiltration), 
and part flows in to the surface water (runoff). Water flows horizontally, resulting in an inflow 
to the surface water, or vertically upwards (seepage) or down (percolation). The permeability of 
the soil and the pressure differences determine the flow direction. Eventually, all water whether 
through rivers, surface drainage or soil, is expelled into the ocean, where it evaporates, and the 
cycle starts again.

The urban water cycle is complicated as natural water flows are mixed with artificial wa-
ter flows. Water enters the city in various ways: as surface water, groundwater, precipitation, or 
as drinking water through the water supply system. The drinking water used is extracted from 
groundwater or purified surface water, and after being used, it is mainly expelled through the 
sewer system to a wastewater treatment plant where it is treated and discharged into the surface 
water. The groundwater level is influenced by extraction (wittingly or unwittingly), drainage, land 
reclamation, and by the large percentage of impervious surfaces in an urban area. A schematiza-
tion of the urban water cycle is given in Figure 7.

3.1.1.  Effect of urbanization on the water balance

The objective of water management in urban areas is to ensure that no damage is caused during 
peak periods of precipitation and that prolonged periods of drought do not cause problems either 
within or outside of the city limits. Water management also ensures that cities are supplied with 
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clean drinking water and that wastewater is properly treated. The various factors in the urban 
water balance, precipitation, and various kinds of wastewater on the one hand; and soil moisture, 
evaporation, infiltration and water use on the other hand, are not in balance at all. In the event of 
excess precipitation, most rainwater is still rapidly discharged through the storm water and sewage 
system, while even shortly after there can be a dry spell or water shortage that would require water 
to be replenished to avoid soil moisture loss and lowering groundwater levels. This vulnerable and 
artificial balance of the urban water cycle is becoming increasingly more unbalanced because of 
climate change and growing urbanization. 

Urbanization drastically alters the natural water balance in a watershed as illustrated in Figure  8, 
resulting in increased runoff generation, decreased infiltration and decreased evapotranspiration. 
It is a short-circuiting of the natural water cycle that potentially leads to decreasing groundwater 
levels, increased stream erosion, increased sediment transport, urban floods and urban water 
quality degradation. Figure 8 does however not consider that in developed urban areas, natural 
water flows are mixed with artificial water flow such as leakages from water mains and sewage 
systems.

The change in the subsurface infiltration rates caused by urbanization processes differs from 
city to city. Foster et al. (1999) conclude that urbanization generally increases the total (artificial 
and naturally induced) subsurface infiltration rates. This conclusion is based on an analysis of 
multiple developing city profiles in Asia and Latin America. In almost all environments, urbani-
sation leads to an increase in recharge. Urban recharge is variable in time, responding to changes 
in land use and subsurface infrastructure as well as to climatic changes (Lerner, 2002). 

In general, impacts that change the groundwater recharge in urban areas can be divided in 3 
urbanization processes:

1. Modifications to the natural (pre-urbanized) system. This includes surface impermeabi-
lization, which reduces direct infiltration of excess rainfall, but also tends to lower evap-
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Figure 7: Schematised overview of the urban water balance (Modified after Marsalek, 2006)
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oration and thus to increase and accelerate, surface runoff. Dependent on storm water 
drainage arrangements, this process could vary from a major reduction to a modest in-
crease of groundwater recharge. Impermeable surfaces include construction of roofs and 
paved areas, roads, parking lots, industrial patios etc., but also existing non-paved areas 
may become highly compacted in urban surroundings. Infiltration often occurs around 
the margins of these areas, or within the pavement itself, if this is of tile, brick of porous 
asphalt. Direct infiltration change with respect to unpaved surfaces may be minimal, but 
evaporation is usually dramatically reduced, and runoff correspondingly increased. The 
change of the groundwater recharge in urban areas is therefore dependent on surface 
drainage arrangements. If no storm water drainage is installed, runoff will either infil-
trate via soakaways or at the edge of impermeable surfaces, enter drainage channels or 
accumulate in land surface depressions, or a combination of these depending on rainfall 
intensity and antecedent soil moisture. Where storm water drainage is installed, as in 
most developed countries, the bulk of the surface water runoff will be carried to river 
channels or to the sea, unless it is routed to soil soakaways or recharge basins. In Norway, 
the traditional approach has been to transport the surface runoff as quickly as possible to 

Figure 8: The effect of urbanization on the natural water balance, Source: FISRWG (1998)
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the sea or other surface water systems.
2. Introduction of water service network. Most urbanization involves major water imports 

from beyond the city limits, except in the rather rare cases in which local groundwater 
resources are adequate, in both quantity and quality, to provide the major contribution. 
When expressed in hydrological terms, the amount of water in circulation of distribution 
systems is often significant in relation to excess rainfall. Since water mains are for the 
most part constantly pressurized, they are high prone to leakage and may therefore result 
in an important component of groundwater recharge. The effects of leaking infrastructure 
for water supply and storm drainage on the generation of large amounts of groundwa-
ter recharge is well described in the literature (e.g. Lerner 1986, 1990; Brassington and 
Rushton 1987; Rushton et al. 1988; Price and Reed 1989; Foster 1990 and Lerner 2002). 
In almost all environments, urbanisation leads to an increase in recharge. Unfortunately, 
estimating urban recharge is difficult, and little research has been done on methodologies 
or on individual cities over the last decade (Lerner, 2002). Although there are relatively 
good statistics from water companies on the amount of water that is lost on the way to 
the consumer, it is very difficult to assess the proportion that is contributing to increased 
groundwater recharge. It is likely that subsurface ducts and trenches emplaced at greater 
depths than water mains intercept significant proportions of leakage, as well as (leaking) 
sewers and tree roots.

3. Uncontrolled groundwater extraction and exploitation. In areas with shallow or perched 
groundwater bodies, construction of subsurface infrastructure often involves temporary 
extraction of groundwater, reducing recharge and influencing soil humidity and ground-
water levels in wider surroundings. Groundwater drainage in form of passive drainage 
or pumps to prevent groundwater to enter constructions such as parking lots, cellars etc. 
may locally change the hydrological balance significantly. Engineering structures can act 
as principal sinks or discharge routes for water (Gray and Foster, 1972), or sometimes 
as barriers to groundwater flow. Unexpected rises or lowering of groundwater levels can 
have costly side-effects on urban buildings and infrastructure, and dramatic effects on the 
preservation of archaeological deposits.

Urbanization thus causes major changes in the frequency and volume of groundwater re-
charge, causing changes in the humidity of the topsoil and in groundwater levels. Changes in soil 
humidity, groundwater levels and quality may in turn affect the preservation potential of vulnera-
ble archaeological deposits in the shallow subsurface. 

Urbanization and increased pressure on growing urban areas has inspired and forced a shift 
in focus from conveyance and transport towards re-establishing the natural (pre-urbanised) water 
balance. Over the past decade, the “traditional” policy to rapidly discharge stormwater to the sur-
face water system has been changed. The aim is now to locally manage stormwater, by buffering, 
infiltrating and delaying runoff of rainwater on-site, using sustainable urban drainage systems (see 
also chapter 2). Sustainable solutions combine multiple benefits in terms of management of water 
quantity, water quality and improved amenity, i.e. green/recreational areas, clean air etc, as illus-
trated in Figure 9 (Muthanna et al., 2015).

In 2008, the interest group for water actors Norwegian Water, published a guideline for cli-
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mate adapted stormwater management (Norsk Vann, 2018). The national road authority (Stat-
ens vegvesen) published a standard for road construction, specifying that road construction must 
be carried out in line with the Water Resources Act (VRL), in addition to normal planning for 
road construction projects (Statens Vegvesen, 2014). In 2014, the Norwegian government set up a 
committee to investigate and develop proposals for satisfactory and clear framework conditions 
for improved stormwater management in densely populated areas, in line with climate change 
predictions. The committee published their recommendations in 2015 (NOU 2015:16). Although 
groundwater is not discussed in detail, it is mentioned that increased infiltration through local 
stormwater management can help reduce contamination and maintain groundwater levels, which 
in some areas may be important in preventing settling damage to buildings and infrastructure. 
Archaeology or cultural heritage are not mentioned in the document. In 2017 new Regulations on 
technical requirements for building works (TEK17, Direktoratet for byggkvalitet, 2017) were pub-
lished, giving minimum technical requirements that a construction needs to satisfy to be approved 
by Norwegian law. This regulation includes the requirement that stormwater and drainage water 
shall, if possible, be infiltrated or otherwise handled locally to ensure that the water balance in 
the area is maintained and overloading of the sewerage plants is avoided (section 15-8, TEK17). 
Municipalities now develop their own local stormwater management strategies and guidelines 
(e.g. Oslo kommune, 2014).

The paradigm shift towards local stormwater management may provide a unique opportunity 
to improve the preservation conditions in locations with organic archaeological deposits. The im-
plementation of this new policy is gradually being implemented in Norway, mostly in newly built 
districts or some renovated districts. Archaeological deposits and above ground cultural heritage 
assets are however often located in historic city centres.

In the literature, a lot of attention has been given to the impact of urbanization on surface 
water runoff, especially the increase in peak runoff and quality deterioration in recipient water-

Quantity

Quantity

Amenity Quality

grey solutions sustainable, blue/green solutions

Figure 9: Paradigm shift from traditional “grey” solutions providing single benefits to sustainable, blue/green 
solutions providing multiple benefits (Muthanna et al, 2015).
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courses. Particularly the increase in peak discharges through existing combined sewer systems, 
causing increased overflows of polluted water into surface water has been a driver for the men-
tioned new policy in urban water management. When renewal or restructuring of the sewer system 
is required, where possible, the combined system is replaced by a dual system, an improved dual 
system or decoupled. In a dual system, rainwater is transported separately through storm drains 
and expelled directly on the surface water. In the Netherlands, the dual system has been further 
developed towards the improved dual system, in which the first flush is directed to the wastewater 
sewer and treatment plant, and the rest is expelled into surface water. In Norway, dual sewer sys-
tems are now standard when renewal or restructuring of the sewer system is required. As many of 
the existing sewer systems are reaching the end of their lifetime, a significant effort needs to be 
made in the coming decades to avoid ageing and increased related problems. 

In 2016, there were about 55,350 km sewer pipes in Norway, of which 7,410 km (13 %) are 
combined systems, 29,960 km (54 %) are wastewater systems and 17,940 km (32 %) are storm 
water sewers (Statistics Norway, 2018). The renewal rate of the 37,370 km wastewater sewers is 
on average about 0.61 %, or 228 km. If the renewal rate does not increase, the sewer systems in 
Norwegian cities will in time get older. This will increase uncontrolled contamination of the en-
vironment due to leakage and overflows during clogging events, and increased dilution and higher 
treatment costs by unsolicited inflow of drinking water, surface water and groundwater. In 2016, 
the total length of municipal water mains was about 47,600 km, providing 710 million m3 drinking 
water. Leakage in water mains is about 31 %, which comes down to a loss of 220 million m3 of 
drinking water per year. The renewal rate is 0.70 % (Statistics Norway, 2018).

For Bergen, the unaccounted loss of water was registered to 36 % in 2011 (Statistics Norway, 
2012), equal to 11.4 million m3, more than the average precipitation of 2,250 mm per year. The 
leakage has fallen considerably during the last 5 years, see Figure 10. 
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Figure 10: Drinking water in Bergen, water use and water losses (SSB, 2018)

76



 Cultural heritage and sustainable urban water management 

For 2016, the loss was registered to 28 % (Statistics Norway, 2018), equal to a total loss of 7,25 
million of m3 drinking water per year. This amount is still equal to 64 % of the average precipi-
tation in the total Bergen (land) area of 445 km2 (Statics Norway, 2018).  The actual infiltration to 
groundwater of water from mains will be localised to the roads where the mains are located. The 
total length of water mains in Bergen is 931,550 m (Statistics Norway, 2018). If, for simplicity, it is 
assumed that drinking water infiltration on average takes place equally along the water mains in 
an infilled trench with an average width of 5 metres, the average local artificial infiltration below 
the roads is equal to 1,556 mm per year. This compares to 69 % of the gross yearly precipitation. 

How much of this water contributes to groundwater recharge is difficult to assess and will 
vary significantly within the urban area. Based on (limited) groundwater monitoring in the centre 
of Bergen, it seems that mains leakages do not contribute significantly to increased groundwater 
levels. On the contrary, observed groundwater levels in many locations in the medieval city cen-
tre are lowering. The artificial recharge through leaking mains is at least locally outweighed by 
groundwater discharge and drainage through e.g. drainage pipes, subsurface heterogeneities, leak-
ing sewage systems and local groundwater extractions. In 2013, the City of Bergen has uncovered 
at least 40 private groundwater pumps in cellars within the medieval, city centre. This resulted in 
a temporary ban on any new measures that may influence groundwater levels negatively (Bergen 
kommune, 2012).

Where leaking drinking water mains initially contribute to upholding a relative steady wa-
ter balance and stable but “artificial” groundwater levels, water mains repairs may contribute to 
lowering of groundwater levels. Sewage system repairs below the groundwater level may have the 
reversed effect and increase groundwater levels. The latter is a well-known cause for groundwater 
rise and humidity problems in urban areas in the Netherlands. Heterogeneities and infrastructure 
in the subsurface lead to rapid transport of groundwater to the surface water system (see also chap-
ter 4). Significant single leakages in pressurized mains may locally cause damage by flow erosion 
and threaten ground stability. To avoid this, it is common practice to replace the natural ground 
by more stable material in the trenches during water mains or sewage constructions. This practice 
results in stable road conditions, but if the removed natural ground has lower permeable properties 
than the new material, it also leads to a significant increase in groundwater drainage potential. If 
the natural ground near the trenches in addition contains organic material, as is the case in many 
medieval cities, any changes in permeability may potentially lead to both mechanical settling due 
to pore-pressure changes, degradation of organic archaeological material and subsidence risks in 
surrounding areas.

With an increase in temperature in cities, evaporation also increases. For Norway, this in-
crease is estimated to 15-35 % based on RCP4.5 scenario (Norwegian Centre for Climate Services 
(NCCS), 2018). If this increase is not compensated, it will lead to an increase in desiccation, with 
damaging effects for vegetation and organic material in the shallow subsurface, such as wooden 
foundations (rot) and organic cultural deposits. The subject of urban desiccation has only re-
cently been placed on the water agenda (e.g. http://www.urbangreenbluegrids.com, last accessed 
23.02.2018). There are no standard solutions available. It is important that with the design or re-
construction of urban water systems the effects of drought and lack of water during the summer 
are considered. The shallow geology and hydrogeological regime is of crucial importance when 
trying to predict the effect of urbanization on groundwater and risks for archaeological deposits.
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3.1.2.  Assessment of water balance related risks for archaeological heritage

The water balance is fundamentally important for the preservation conditions of organic archae-
ological remains primarily through its influence on oxygen supply (Matthiesen et al., 2015). Deg-
radation of buried archaeological organic remains such as wood is almost exclusively a micro-
biological process, which is dependent on the supply of oxygen. Depending on the environment, 
different types of microorganisms are active. The most destructive are white-rot and brown-rot 
fungi. However, they are only active when there is an ample supply of oxygen. The oxygen content 
is higher, and the oxygen supply is much faster in air-filled soil pores than in water-filled pores 
(Elberling 2005), which is one of the main reasons why drainage of waterlogged archaeological 
layers can lead to dramatic changes and rapid deterioration of material that has been preserved for 
millennia (Milner et al. 2011). 

Water content is the most important factor for risk assessment for in-situ preservation of 
archaeological deposits. It controls oxygen content in archaeological deposits which is the main 
driver for degradation. Below the groundwater table, where water saturation under positive pres-
sure is found, degradation of organic archaeological deposits is (normally) minimal because of 
anoxic conditions. However, several erosion bacteria are known to degrade organic material below 
the groundwater table. They degrade more slowly than aerobic fungi and are found in waterlogged 
wood in low-oxygen environments (Blanchette, 2000; Björdal et al., 1999). Little is known about 
the specific environment in which these anaerobic bacteria thrive. 

Huisman et al. (2008) observed from a study in the Netherlands, that erosion bacteria have a 
widespread occurrence in waterlogged environments. They showed that all archaeological wood 
in-situ is degraded by erosion bacteria, but that there is a large variation in the degree of attack. 
Klaassen et al. (2005), Klaassen (2008a) and Klaassen (2008b) suggest that water flow through 
wood may be the prime factor that determines the degree of degradation by erosion bacteria. Pos-
sibly, minor changes in the hydrology of a site can have major effects on the degradation - positive-
ly or negatively (Huisman et al., 2008). Huisman et al. (2008) conclude that site hydrological data 
- especially water flux -may influence the rate of degradation by erosion bacteria. It goes beyond 
the goal of this thesis to further investigate the relationship between the activity of erosion bacte-
ria and groundwater flow rates. The conclusions and suggestions made by the mentioned studies 
do however further indicate that a thorough understanding of the water balance is essential for a 
proper risk assessment of archaeological sites in-situ.

Only fungal degradation causes damage to archaeological wood on such a scale that the fea-
tures that are the source of archaeological information are destroyed. On the contrary, wood de-
graded by anaerobic erosion bacteria is still valuable from an archaeological point of view as this 
type of degradation does not severely destroy these features (Huisman et al., 2008). Therefore, 
Huisman et al. (2008) recommend that that the soil environment must be kept waterlogged and 
oxygen-free for in-situ protection of wood in archaeological sites.

Understanding of the dynamic, spatial and temporal behaviour of the water balance in the 
saturated and unsaturated soil system that incorporates archaeological deposits is essential for risk 
assessment in terms of degradation. It is important to know whether drainage automatically leads 
to oxic conditions in the soil and rapid degradation, or whether precipitation and capillary rise can 
keep the soil sufficiently moist to retain anoxic conditions at least some of the time (Neale et al. 
2000; Haberer et al. 2011, 2013). The physical properties, that determine the dynamic behaviour of 
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the water balance, are to a large extent the hydrogeological characteristics of the soil-water  system, 
including the archaeological deposits themselves. Soil water content will be dependent on the lo-
cal ground conditions (grain size, organic content etc.), the infiltration capacity of the topsoil, the 
draining capacity of the subsoil and lateral flow capacity. But also, the boundary conditions for the 
water balance, precipitation and temperature, are essential for risk assessment of archaeological 
heritage. Figure 11 schematically illustrates the soil-water flows for an observed soil column at 
the World Heritage Site Bryggen. This soil column was observed during excavation that was used 
in Matthiesen et al. (2015) to estimate oxygen dynamics in unsaturated archaeological deposits.

In the unsaturated zone, anoxic conditions may still occur in a significant thick zone above 
the groundwater table. If archaeological deposits are found above the groundwater table, in situ 
preservation studies should therefore focus on determination of the degree of water saturation, and 
the relation between the soil moisture content and oxygen content in the unsaturated zone. The 
soil water retention curve is the functional relationship between the volumetric water content and 
the water pressure head of soils (Wösten et al., 1994, Schurgers et al, 2006). It is usually used to 
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Figure 11: Schematic representation of the soil column as observed at Bryggen, Norway 
(Seither, 2014)
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predict other unsaturated soil hydraulic properties, such as relative hydraulic conductivity and soil 
water diffusivity. Matthiesen et al (2015) discuss the transport of oxygen through partly saturated 
archaeological deposits based on a case study at Bryggen in Bergen.

The transport of oxygen through (partly saturated) soil involves both the gas phase and the 
water phase, and at least two transport mechanisms (diffusion and advective flow). Both the ox-
ygen content and the oxygen diffusion constant are much lower for water than for air and thus 
transport through air-filled pores often dominates the diffusive transport (at 0 °C, the solubility of 
oxygen in water is 14.6 mg l−1, compared to an oxygen content of 300 mg l−1 of air at 1 atm, and 
the diffusion constant in water, Dw, is 2.2 × 10−9 m2 s−1, compared to 1.8 × 10−5 m2 s−1 in air, Da; 
Weast 1987). Several models have been made to describe the effective diffusion constant for partly 
saturated soil, including the Millington-Quirk model for gas diffusion, which can be used for a 
range of soil types (Jin and Juri, 1996):

where De,a is the effective gas diffusion constant, ε is the total porosity and εg is the gas-filled 
porosity.

For steady-state systems, the transport by diffusion may be estimated by Fick’s first law: 

where F (flux) is the rate of oxygen transport per unit area of a section, and dC/dx is the con-
centration gradient of oxygen (Matthiesen et al., 2015).

Although heterogeneous archaeological deposits hardly ever reach a steady state, Matthiesen 
et al (2015) show that the effect of the gas-filled porosity εg (in other words, the water content) 
on the diffusion constant and oxygen transport is very strong. A 10 % increase in water content 
results in a theoretical decrease of the oxygen supply by almost 85 % (Matthiesen et al., 2015). 
It also underlines that measured water content always should be compared with the soil porosity.

Matthiesen et al (2015) also discuss whether oxygen dissolved in infiltrating rainwater reaches 
the archaeological deposits, and if it is a significant supply for oxygen. They showed that oxygen 
dissolved in rainwater represents an insignificant small supply of oxygen to strongly affect degra-
dation processes. The overall effect of rainfall or artificial infiltration is a decrease in oxygen con-
tent and oxygen supply in the archaeological deposits, rather than an increase (Matthiesen et al., 
2015). Oxygen is mainly present in the upper part of the unsaturated zone, and there is a correla-
tion between the presence of oxygen, fungal decay of wood and loss of organic matter in the soil. 

Knowledge of the soil water retention curve in the unsaturated zone of archaeological deposits 
increases our understanding of the risks of degradation. The determination of the soil water reten-
tion curve is however a complicated task in urban archaeological deposits. Urban archaeological 
deposits and the modern anthropogenic deposits connected to them are typically composed of 
highly disturbed materials of various origins. They do not reflect the local geology but represent 
an archive of human historic activities of the area. Accordingly, their physical, chemical and bi-
ological properties can differ entirely from soils that have grown naturally over a long period of 
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time. Remains of wooden foundations and other organic material of various ages, size, composi-
tion and degree of decomposition in the subsurface influence the hydraulic properties of the soil 
considerably, as does their position and alignment. Traditional soil sampling and determination of 
loss on ignition values cannot account for the complexity of organic materials and their respective 
influence on the soil water retention curve. Similar challenges are met with respect to gravel and 
other coarse inorganic materials. Seither (2014) recommends therefore that an in-situ sensor-pair-
ing method is applied for the determination of a soil water retention curve during studies of the 
archaeological preservation conditions in the unsaturated zone. The sensor-pairing consists of 
in-situ installation of time domain reflectometry (TDR)-probes and pressure transducer tensiom-
eters in the soil, placed close to each other. This way, the volumetric water content and the pore 
water pressure can be monitored simultaneously as the soil water content varies and a character-
istic soil water retention curve can be derived. The soil water retention curve may then be used as 
a proxy for improved risk assessment of oxygen content and supply in the unsaturated zone at the 
selected location.

Oxygen in air is the biggest threat to in-situ preservation of archaeological deposits (Hollesen 
and Matthiesen, 2014). Direct measurement of the oxygen content therefore is the only parameter 
immediately gives a risk assessment for in-situ preservation potential. It does however not give an 
indication of (much slower) degradation processes by other oxidation processes, such as sulphate 
and nitrate reduction. Huisman et al. (2008) argue that, for archaeological sites containing wood, 
the most important parameters to measure or monitor in the soil are the redox potential and soil 
moisture content.

Redox potential can very well be an alternative parameter to assess the preservation con-
ditions, but since this is a “bulk parameter” of multiple oxidation/reduction processes, it gives 
another result than oxygen alone (see Figure 12). Based on laboratory experiments, Hollesen and 
Matthiesen (2014) conclude that redox-potential measurements are very sensitive and react to 
even minor changes in the environment. Redox measurements can indicate which oxidants are 
present and which processes are ongoing, but there is no correlation between the concentration of 
individual oxidants and the redox potential. Laboratory experiments show that there is some cor-
relation between redox potentials and directly measured decay rates. The highest decay rates are 
found at potentials higher than 0 mV vs SHE (standard hydrogen electrode). Still, for some sam-
ples unacceptable high decay rates are found even at lower potentials (Hollesen and Matthiesen, 
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Figure 12: Redox potential and redox processes (de Beer et al, 2015)
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2014). Overall, redox potential measurements are particularly suited for showing if environmental 
conditions are stagnant or dynamic, but interpretation of absolute values is still difficult. Redox 
potential gives reliable results under saturated conditions. Monitoring of the reduction/oxidation 
state of archaeological deposits will thus provide insight into the effect of the raised water tables. 

Climate change is expected to cause longer periods of droughts, while precipitation intensity 
increases. The effects of climate change on the storm water flow in urban areas is well described 
(e.g. Barbosa et al., 2012; Green et al., 2011), but the long-term consequences for the complete wa-
ter balance, including the soil-water system with generally much slower subsurface soil water and 
groundwater flows, have not been investigated in equivalent detail as surface water management 
(Green et al, 2011, Taylor et al., 2012).

3.1.3.  Climate adaptation in water management: opportunities for cultural 

heritage

The paradigm-shift towards retaining and local use of storm water instead of direct transport and 
drainage (see section 3.1.1) provides a unique opportunity to improve the in-situ protection and 
preservation of organic archaeological remains.

There is a wide range of sustainable urban drainage systems (SUDS) available, which in prin-
ciple can be used at any suitable location to retain, store, infiltrate and discharge storm water (e.g. 
Boogaard et al, 2014). The appropriate use of sustainable urban drainage systems (SUDS) can 
reduce urban surface water flooding, reduce the impacts of urban storm water pollution discharges 
on receiving waters as well as higher groundwater tables in dry periods (Göbel et al, 2004).

In line with the description in section 3.1.1, the focus of urban storm water management has 
changed over the last few decades and it now considers more then only flood mitigation and public 
health protection aspects. The storm water industry has developed and adopted new terms to de-
scribe these new approaches (Fletcher et al, 2013) including: best management practices (BMPs); 
green infrastructure (GI); integrated urban water management (IUWM); low impact development 
(LID); low impact urban design and development (LIUDD); source control; stormwater control 
measures (SCMs); water sensitive urban design (WSUD) and sustainable urban drainage systems 
(SUDS). Most SUDS use the following techniques for a sustainable water management:

• source control;
• permeable paving such as pervious concrete;
• storm water detention and infiltration;
• evapotranspiration (e.g. from a green roof).

The use of SUDS results in most cases in many more benefits than water management alone. 
There are several guidelines to visualise and quantify multiple (monetary, social and environmen-
tal) benefits of SUDS. Multiple benefits of green infrastructure can e.g. be expressed in terms of 
(Ashley et al., 2012):

• improves water quality;
• reduces grey infrastructure needs (otherwise other water sources should have been used 

in dry times to keep foundation wet to stop decay);
• reduces flooding;
• improves air quality;
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• reduces atmospheric CO2;
• reduces urban heat island effects;
• improves aesthetics;
• improves ecology/habitat;
• cultivation, educational purposes;
• reduces oxidation and degradation of archaeological remains.

The “multi-benefit approach” gives opportunities to assess, evaluate and select SUDS as mit-
igation or protecting solutions for archaeological heritage. This appraisal method is discussed in 
more detail in section 3.2.

The application of SUDS at archaeological heritage sites requires special consideration due 
to the constraints that are forced upon them in terms of construction restrictions that follow with 
in-situ preservation, as well as risks of changing the hydrological and chemical conditions to a 
situation with unfavourable preservation conditions. The selection and design criteria for SUDS 
will be different at each archaeological site, dependent on e.g. above ground heritage, the compo-
sition of the archaeological deposits, hydrogeological conditions, available (storm) water quality 
and other subsurface constructions.

The selection and design criteria for the application of SUDS at the case study area of this 
thesis, the World Heritage Site of Bryggen (chapter 4.5), were:

• limited space due to above ground historical cultural heritage structures;
• excavation into archaeological deposits is not allowed, limiting excavation depth;
• ability to store and infiltrate as much water as possible;
• optimal removal efficiency for contaminations and particularly oxidants;
• construction costs;
• maintenance effort and costs;
• “natural” visual expression that is historically correct (no modern design).

Shallow infiltration-based systems (where no significant digging is required) include infiltra-
tion trenches, raingardens, swales, bio-swales and permeable pavement.

A potential negative effect of infiltration type SUDS at archaeological heritage sites is an in-
crease of the groundwater temperature below the infiltration solutions. Investigations from natural 
soils (Fang and Moncrieff, 2001; Elberling, 2003) have shown that the oxic decay of soil organic 
carbon is also influenced by soil temperatures and often increases exponentially with increasing 
temperature. The decay of organic archaeological material is highly sensitive to variations in soil 
temperatures, but only if oxygen is available, which is highly dependent on the soil-water content 
(Hollesen and Matthiesen, 2015). Research has shown that stormwater infiltration solutions in-
crease groundwater temperatures, and particularly the thermal amplitude of groundwater at event 
and season scales (Foulqier et al., 2009). Foulqier et al. (2009) showed that higher temperatures of 
the infiltrating water, particularly in summer, reduces oxygen solubility and improves microbial 
respiration in the vadose zone, thereby lowering the dissolved oxygen content in groundwater. 
Increased microbial respiration in the vadose zone is limited to a limited zone directly below the 
infiltration facility, and rapidly decreases with depth and increased soil moisture content. It is 
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therefore expected that the positive, moisturizing effects of storm water infiltration outweigh the 
negative effects on preservation conditions of soil- and groundwater temperature increase. Recent 
monitoring results at the World Heritage Site of Bryggen show that shallow infiltration SUDS are 
showing positive effects on the preservation conditions of archaeological remains downstream 
(see section 4.5).

3.2.  Sustainable urban land and water development

The question of sustainability of options has many facets. There is no clear agreed definition of 
sustainability; rather there are many definitions, principles, objectives and ideas. Sustainability 
has become a devalued term due to over- and misuse and abuse by politicians and others, where 
everything is now being presented as being sustainable or part of sustainable development. The 
term “sustainable”, embodied in the Lisbon and Gothenburg Agendas, has been used and misused 
by decision makers. The European Interreg IVb project “Skills Integration and New Technolo-
gies” (SKINT), and particularly the inclusion of cultural heritage, has given unique opportunities 
to challenge the “traditional” perception of sustainability that relates to multiple benefits, defini-
tion of scale and conceptual boundaries (Ashley et al., 2012).

The aim of this section is to provide professionals and decision makers with better procedures 
and a tool to demonstrate the need for and benefits of adopting more sustainable options to a wid-
er public. In this section, an appraisal method is presented and applied for the case study of this 
thesis, Bryggen in Bergen. It is meant to demonstrate for urban decision makers what sustainable 
options are in terms of cultural heritage and more specific archaeological heritage protection, and 
why it is necessary and beneficial to adopt those solutions.

3.2.1.  Drivers for sustainable measures

There is a growing recognition that we cannot sustain our current way of life based on current 
technologies. Climate change and increasing urban pressures for example, increase urban storm 
runoff with the result that conventional piped solutions for urban drainage are becoming increas-
ingly overloaded. The effects of flooding have been well documented for over 40 years (Leopold, 
1968). It has been stated that the percentage impervious cover that follows from urbanization, has 
become “the most pervasive, relevant characteristic leading to hydrological impacts” (Arnold et 
al., 1996) and therefore an important driver for sustainable urban design. However, there are also 
very significant alterations to the urban subsurface, affecting groundwater levels and chemistry 
(Hibbs and Sharp, 2012). Although the common assumption is that groundwater recharge de-
creases because of the increased amount of impervious cover and loss of direct recharge, it has 
been shown that city-wide recharge in large developing cities is mostly increasing (Garcia-Fresca 
and Sharp, 2005). Nonetheless decrease of recharge occurs in established cities with efficient in-
frastructure and high natural recharge, such as in the North Sea area (Jeppesen et al., 2011). The 
tipping point, beyond which the expected levels of service are no longer provided (Gersonius, 
2012), is difficult to quantify, and variable both geographically within the urban area and in time. 
The consequences of subsurface alterations on groundwater are, however, important for human 
activities and the environment and should be considered in urban land and water management. 
This can be illustrated by inclusion of cultural heritage preservation, being highly dependent on 
soil water content and groundwater chemistry. Because groundwater is ‘out of sight’, it is some-
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times ‘out of mind’.
To cope with the dynamic changes in developing urban areas, it will be necessary for water to 

take a more prominent role in the urban development and planning process. Changing conditions 
demand innovative water management solutions, particularly in dense urban areas, and these can 
only be implemented when water issues are taken into consideration in the early stages of urban 
planning and holistic development design. The need here is not simply to call in the traditional 
urban drainage professionals at an early stage; it is to integrate the land and water management 
processes (e.g. Potter et al., 2011).

However, the responses to the change drivers will come through urban design, and this will 
require the early engagement of professionals such as highway engineers, landscape architects, 
planners and regeneration experts (e.g. Digman et al., 2012). Therefore, the need is to build capac-
ity in and engage with a much wider group of professionals, many of whom will have little or no 
formal training in hydrology, hydrogeology, hydrochemistry, hydraulics, water purification pro-
cesses, or have little awareness of new threats or opportunities that may occur because of changes 
in how water and land are managed. A better integration of the land and water management pro-
cesses requires active communication of the opportunities, multiple benefits and impacts of our 
decisions to a wide group of professionals and beyond.

Climate change and hard economic realities mean that we must reduce waste in all aspects of 
life as we manage the transition from current to new energy sources. Land use and water manage-
ment planning are no exception. There are requirements to

• improve economic competitiveness by reducing cost;
• increase inward investment by improving the local environment;
• maintain and improve the quality of life.

These three requirements are synonymous with the three pillars (economic, environment and 
society) of sustainability, which are embodied in the Lisbon and Gothenburg Agendas and are 
relevant to a wide range of cross cutting applications such as:

• reducing energy use, and especially the use of energy from carbon sources to face up to 
depleting energy reserves and climate change;

• assessing the benefits to urban communities of increasing knowledge and awareness of 
historical values;

• flood risk and water management.

3.2.2.  Supporting the implementation of sustainable measures

Currently it is often the case that innovative water options are available, but implemen-tation is 
hindered by barriers to multidisciplinary working and institutional regimes (Brown et al., 2011). 
Lack of multidisciplinary working hinders identification, appreciation and delivery of multiple 
benefits and therefore hinders delivery of measures that are as sustainable as possible. There 
is thus a need to foster awareness of the changing and evolving roles of different disciplines, 
how these can work better together and build capacity within individual disciplines to make the 
required contributions. Water and land management practices need to become more integrated 
so that water management becomes an everyday part of the spatial planning and development 
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process, even in their early stages. This will enable more sustainable responses to problems. Re-
cently, formal ‘alliances’ of professionals, working with decision makers in ‘learning alliances’ 
have been shown to be very effective in bringing about innovation and co-formulation of outcome 
measures that are as sustainable as possible (Butterworth et al., 2011; Van Herk et al., 2011).

Perceived high costs of sustainable options play an important role in decision-making and 
often hinder implementation. There is a need to show the importance of the multiple benefits that 
will be obtained in different disciplines compared with these costs. Multiple benefits can only be 
fully appreciated if professionals succeed in looking beyond their own disciplines and consider 
wide conceptual boundaries in space, time and content. To assess and consequently “sell” the ben-
efits and impacts of our decisions we need to take all aspects of sustainability into account and to 
apply weightings to take account of the specific circumstances relevant to each decision.

In De Beer et al., (2012), selected transnational cases are presented that illustrate how they 
have dealt with different aspects of integrating the land and water management processes. Inno-
vative solutions are presented; organisational structures, communication tools and difficulties, as 
well as key-success factors are discussed. One of the most important aspects for integration of 
land and water management is how sustainability is considered and assessed. A new method and 
tool for sustainability assessment and consequent improved promotion of solutions that really are 
more sustainable in terms of the accrued multi-benefits, is published in Ashley et al. (2012). Sec-
tion 3.2.1 to 3.2.6.2 of this thesis are excerpts from Ashley et al (2012) with minor modifications 
to embed it in the context of the thesis.

3.2.3.  Current approaches to sustainability

There is a considerable body of research and development work in the field of sustainability. 
There are well documented, long established national procedures for economic assessment and 
cost benefit analysis and there is a growing body of research into the integration of the economic, 
environmental and social aspects of sustainability. However, because sustainability covers many 
topics, many of which are not easily quantified, it is difficult to carry out assessments and difficult 
to convey appropriate messages to decision makers and the public.

Cases presented in De Beer et al. (2012) show that there are considerable differences in the 
definition of sustainability in the first place, dependent on the viewpoint and scope of the profes-
sionals and decision makers. In most cases, and certainly the earlier ones such as e.g. (Blanksby 
et al., 2012) and (Duffy et al., 2012), the sustainability of an option is considered in direct compar-
ison with traditional options, and mostly towards environmental aspects. Notably, much consider-
ation of ‘sustainability’ is included in the conversations, narratives and discourses surrounding the 
finalisation of measures in response to a problem or opportunities (Cettner et al., 2014).

“...the problems caused [..] were not compliant with the emerging legislation 
(Water Framework Directive). It was clearly not socially or economically 
acceptable to continue to pollute a major estuary [..] through badly operating 
combined sewer overflows or diffuse pollution.  [..] led to a policy drive to 
address the problems of diffuse pollution in a more sustainable way.” (Duffy 
et al., 2012)

“The main aim [..] was to alleviate known flooding problems, reducing 
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economic damage [..] and improving the well-being of community members. 
[..] at no detriment to the local environment, [..] enhancing its value to the 
community. [..] comparing the impacts of the chosen option with those of the 
alternatives [..] the chosen option was both socially and economically more 
sustainable.” (Blanksby et al., 2012)

The sustainability of options in these cases are not quantified or monetised but assessed in 
a qualitative way in comparison with traditional options through dialogue and discourse. The 
success of these projects is very much dependent upon so-called local champions; the clear need 
to solve an urgent and clearly “non-sustainable” problem, and good stakeholder communication 
processes.

In other cases, e.g. (Boogaard and Stockel, 2012), the sustainability of a proposed solution is 
visualised in a more systematic and semi-quantified manner, using the triangle People - Planet - 
Profit. The visualisation is used to show decision makers that the chosen options are sustainable 
in terms that they score high on many selected aspects or criteria within the triangle People-Plan-
et-Profit.

“The solutions [..] should be sustainable, which is an easy word to use but 
raises a lot of questions in workgroups. Discussions about the sustainability 
of the different solutions have its origin in the different interest and 
ambitions of different stakeholders. To rate the sustainability [..] different 
categories are rated by “expert judgement” and visualised in the spider 
web.” (Boogaard and Stockel, 2012)

Sustainability assessment is often performed by “expert judgement”, which may bias the re-
sults, as not all stakeholders may have been heard or even identified nor do they share the same 
frames of reference as to what ‘sustainability’ comprises (e.g. Fraser et al, 2006; Cettner et al., 
2014). The expert judgement may have overlooked, amongst other things, wider scale benefits or 
disbenefits. To overcome this, it is essential to define the scale and conceptual boundaries of the 
assessment beforehand, based on the opinions of a wide group of professionals.

The Bryggen case as discussed in detail in chapter 4 illustrates the challenge to traditional 
ways of assessing sustainability (e.g. Malmqvist et al., 2006), that relate to the required scale and 
conceptual boundaries to be applied. As elaborated in chapter 2, section 2.2.2.1 of this thesis, 
archaeological deposits in Norway are classified as a vulnerable, non-renewable resource, and 
thereby eligible for sustainable management (Ministry of Climate and Environment, Norway, 
2005). For natural resources, such as nature reserves, European legislation protects these resourc-
es and doing so is therefore a commonly accepted consideration in selecting the ‘sustainable 
option’. For cultural heritage, different interpretations of the European convention for Cultural 
Heritage (Council of Europe, 1992), have led to differentiations in land and water management 
development. Norway wholeheartedly endorses the principle of cultural heritage protection and 
has based its national policy on the Valetta and Faro Conventions. Since Norway’s Directorate for 
Cultural Heritage (Riksantikvaren) comes under and reports to the Ministry of the Environment, 
endeavouring to realize the government’s national targets for cultural heritage is one of the fore-
most tasks, with sustainability as one of the keywords.
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“Archaeological deposits were classified [..] as a non-renewable resource, 
and thereby eligible for sustainable management. [..]. The purpose of 
the Cultural Heritage Act is preservation of archaeological heritage and 
cultural environments with their individuality and diversity, as part of the 
nation’s cultural heritage and in accordance with a holistic environmental 
and resource management. It is a national responsibility to safeguard 
these resources and their value [..] as a lasting basis for living and future 
generations’ appreciation, understanding, well-being and development.” 
(Christensson et al., 2012).

The purpose of the Cultural Heritage Act is defined as: “the preservation of archaeological 
heritage and cultural environments with their individuality and diversity, as part of the nation’s 
cultural heritage and in accordance with a holistic environmental and resource management. It is 
a national responsibility to safeguard these resources and their value as well-springs of scientific 
information and as a lasting basis for living and future generations’ appreciation, understanding, 
well-being and development. The intention of this Act must also be considered in any decision 
taken pursuant to another Act that may affect the cultural heritage.” (Ministry of Climate and 
Environment, rev. 2017).

The national environmental targets include cultural heritage. For cultural heritage, those tar-
gets are (environment.no, last accessed 24.02.2018):

1. Losses of cultural monuments and sites will be minimised.
2. By 2020, a standard of repair requiring only normal maintenance will be achieved for a 

selection of archaeological monuments and sites.
3. By 2020, a representative selection of cultural monuments, sites and environments will be 

protected by individual protection orders.
4. By 2020, a standard of repair requiring only normal maintenance will be achieved for 

protected buildings, other structures and vessels.

It is important to emphasize that the contemporary management of archaeological heritage 
and cultural environments in Norway functions well, with a high level of expertise and profession-
alism. All the same, there is room for improvement in several areas, such as increased efficiency, 
and communicating more clearly the reasons for the priorities and choices that are being taken, 
as concluded from the comparative review of chapter 2 (section 2.4.2). There is a continued strive 
to make the past interesting to the public, and to raise awareness and create a feeling of shared 
responsibility for the management and preservation of the remains of the past. Raising the level of 
general awareness of these remains’ historical value is a good place to start to reduce the loss of 
cultural heritage, as much of this loss being the result of unwitting actions rather than malicious 
intent. With greater awareness and knowledge, there is a much better chance of achieving the 
national target of not exceeding the rate of 0.5 % annual loss of protected archaeological heritage 
(Christensson et al., 2012). The national target of 0.5 % loss has been changed to the target that by 
2020, a standard of repair requiring only normal maintenance will be achieved for a selection of 
archaeological monuments and sites. Monitoring of the number of sites lost shows that the number 
of archaeological sites that is lost has dropped considerably since 2005, and that the rate of loss is 
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below 0.5 % per year. 
Through its ratification of the Valletta Convention, Norway has undertaken to implement 

measures for the physical protection of the archaeological heritage by making provision for the 
conservation and maintenance of the archaeological heritage, preferably in-situ. If this is not fea-
sible, archaeological excavation and documentation is the second option.

The Faro Convention – The Council of Europe’s Framework Convention on the Value of Cul-
tural Heritage for Society (Council of Europe, 2005) was ratified by Norway in 2008. Important 
elements in this convention include the right of every ethnic grouping to have its cultural heritage 
preserved, the sustainable use of cultural heritage in the development of society, universal right of 
access to cultural heritage, and the democratic management of cultural heritage.

Strategic central principles are thus in place for the management of all kinds of archaeolog-
ical heritage, irrespective of age or location. The question remains on what the most sustainable 
options are for management of archaeological heritage.

3.2.4. Towards a common strategy for sustainability and sustainability assessment

The cases described in De Beer et al, (2012) illustrate the fact that the definition of sustainability 
is interpreted slightly differently in all cases, based on alternative frames (Brugnach et al., 2008), 
and that there is no clear consensus on how it can be attained, rather that it is a journey where 
we will learn more about the destination as we go along (Beck, 2011). There is no clear agreed 
definition of sustainability; rather there are many definitions, principles, objectives and ideas. Sus-
tainability is a devalued term due to over- and misuse and abuse by politicians and others, where 
everything is now being presented as being sustainable or part of sustainable development.

Practitioners in the water and other sectors usually have a vision of sustainability that is both 
personal and held within their institutional culture based on established principles, such as:

1. substances from the lithosphere must not systematically increase in the ecosphere; 
2. substances produced by society must not systematically increase in the ecosphere; 
3. the physical basis for the productivity and diversity of Nature must not be systematically 

deteriorated;
4. fair and efficient use of resources with respect to meeting human needs.

There is also the acceptance that the sustainable city is in fact not an entity that can be defined 
once and for all but must be considered as “an issue in continuous transformation and evolution”; 
hence sustainable development is a process or a journey rather than a destination or a defined goal 
(Beck, 2011).

Despite the above, it is still a common approach to utilise indicators, criteria and/or attri-
butes to determine whether an intervention, option or response to changing infrastructure sys-
tems is likely to create more, or less, sustainability. This is because no better alternative has yet 
emerged. This approach can be defined as the POCIA method: Principles-Objectives-Criteria-In-
dicators-Attributes (Ashley et al, 2008).

To compare different options and cases with regards to sustainability, there is a need for a 
clearer definition of the conceptual boundaries of the visions of sustainability for options. These 
boundaries will depend on the context of the application and could include additional groups of or 
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additional objectives and criteria. This can be illustrated by the need to consider western cultural 
heritage in greater detail in certain applications (see section 3.2.4.2). Inclusion of cultural heritage 
in sustainability assessment raises challenges to traditional ways of sustainability assessment, 
particularly considering the required scale and conceptual boundaries to be applied as illustrated 
in the Bryggen case (Christensson et al., 2012).

3.2.4.1.  Boundary definitions of the sustainability concept

To identify and recognize the value of multiple benefits, and use them to subsequently disseminate 
sustainability thinking and outcomes, a starting point for the appraisal of an option should be to 
challenge the drivers: are they sufficiently broad and with conceptual boundaries defined as wide-
ly as possible? E.g. what are the drivers in relation to society as a whole – better quality environ-
ment, dual functional land etc.? Widely set boundaries are needed to fully exploit the multi-value 
potential of e.g. ecosystem services (Everard, 2011).

A careful definition of the following boundary types is required: 
1. Space boundary – local, neighbourhood, city, catchment, national, Europe, world.
2. Time boundary – one needs to consider the lifetime of the measures proposed as well as 

how external factors might change, such as climate change.
3. Benefits boundary - at the outset of the study the boundaries presumed (usually set by 

 policy makers) need to be reviewed and challenged as necessary to ensure that all poten-
tial benefits are included – benefits to society rather than to a specific ‘client’

4. Criteria boundary - in evaluation it is almost impossible to avoid overlaps and double 
counting of benefits as e.g. reductions in flows by using source control Green  Infrastructure 
(GI) benefits flooding, water quality and many other criteria; some of which overlap – less 
flooding leads to less associated water pollution when the floods drain down. It is not clear 
yet whether such double-counting problems are significant or if they balance out when 
comparing one option with another.

3.2.4.2.  Boundary conditions: Bryggen in Bergen as an example

The significance of the definition the conceptual boundary conditions is illustrated by the Bryg-
gen case (Christensson et al., 2012). At a global and national (spatial) scale, Bryggen has a high 
cultural heritage value, being a World Heritage Site, but what does it mean for Bryggen to be 
“sustainable”? When seen within the scale of recent history (< 1000 years), Bryggen also has sig-
nificant cultural value. However, changing the spatial and time scales changes the significance: at 
an individual property level (the smallest boundary) the cultural heritage value is probably small, 
as is the value of Bryggen over millennia. From this, it may be concluded that it is crucial where 
boundaries are set; e.g. should the paving be blocks or (older) planks? It is likely that Bryggen re-
ally needs to be resilient (continues to function) and not “sustainable”, but what this means needs 
to be defined in context and scale.

How best to create and elicit the multifunctional value of the cultural heritage that is embod-
ied in a case like Bryggen? What if Bryggen were a replica? The value may possibly be expressed 
as an equivalent to a non-renewable resource (archaeological deposits). The Bryggen buildings 
have already survived in the present form for some 300 years. The subsurface archaeological 
remains survived about 1000 years. It is a very unstable environment, near the sea, but the under-
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ground remains are a defined part of the World Heritage Site, and thus valued highly worldwide. 
The competencies to maintain it were largely lost and in the 1950-1960s it was not valued (known 
as the German wharf).

Green infrastructural solutions at Bryggen (SUDS) to restore and maintain the water balance 
are by themselves regarded as environmentally sustainable, but in this case, they also support a 
greater good, the preservation of an extremely highly valued heritage site. There are alternative 
technical solutions than green infrastructure to preserve Bryggen, which in the traditional view 
would fall into the category “less sustainable”. However, seen from a wide value perspective, the 
safeguarding of Bryggen still is the most sustainable option for land and water management. If 
SUDS and other green infrastructure would not have been the most cost-effective and best solu-
tion for safeguarding Bryggen, other water management solutions could just as well achieve the 
greater sustainable good: preservation of Bryggen. In other words: if after a multi-criteria anal-
ysis was concluded that the best solution to safeguard Bryggen would be permanent pumping, 
this would still result in the most sustainable result from a holistic urban planning and heritage 
management perspective; namely preservation of Bryggen and its world-wide recognised cultural 
heritage  value.

3.2.5.  A new method for sustainability assessment, including cultural heritage

There has been very much greater interest in surrogates of sustainability when the benefits of 
alternative means for managing water systems have been expressed in terms of monetised mul-
ti-values. Emerging approaches are using the value of ecosystem services and assessing the mul-
ti-functionality from using green infrastructure in urban areas. Headline financial benefits of a 
proposed scheme that demonstrate considerable added-value appeal to decision makers; hence a 
method has been developed whereby the multi-value benefits of proposed developments can be 
determined and expressed as far as practicable in monetary units (Ashley et al., 2012).

The criteria traditionally used for sustainability assessment in the POCIA approach are dispa-
rate in that they have differing types of units (e.g. m3/s, species diversity, satisfaction of residents, 
NOK/€) some of which are quantifiable and others not. There are also complex interactions be-
tween the indicators, which are rarely independent. Therefore, comparisons are not straightfor-
ward and multi-criteria and other analytical tools are often used to make sense of the many pieces 
of information to be considered. Many decision makers often view such tools with suspicion and 
more engaged processes are frequently required, such as finding out what the preferences of stake-
holders are, either formally or informally.

There are several methods available for the evaluation of ecosystem services and other mea-
sures of multiple benefits in the water domain, but no standardised approach exists. The method 
presented here is based on the ecosystem services valuation categories, definitions and tools pro-
vided by the baseline Millenium Ecosystem Services Assessment (TEEB, 2011) as well as the ap-
plications by the Center of Neigborhood Technology (CNT, 2010) and The Mersey Forest’s green 
infrastructure valuation toolkit (The Mersey Forest et al., 2010). The method developed during 
the SKINT project was called Selling Sustainability in SKINT (SSIS) (Ashley et al., 2012). The 
above-mentioned approaches were adapted for SSIS based on the feedback of the project partners, 
the likelihood of data availability and supplemented using specific additional criteria that were not 
available in the existing methodologies, such as attention to cultural heritage.
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The benefits matrix developed during the SKINT project (Ashley et al., 2012) may be used to 
support communication, conversations, discourse, for illustrative purposes and to develop detailed 
analyses of benefit value in monetary terms. The benefits matrix should be used sequentially at 
three complementary levels as given in Table 6. 

At level 1 the potential for benefits to accrue can be highlighted by marking these as likely 
to be high (H). The collation of subjective ratings is used to create an illustrative image showing 
mainly high or positive benefits (see section 3.2.6 and Figure 14). 

Level 2 helps to identify whether a more detailed physical, chemical, biological, social and en-
vironmental analysis is possible or not. This will depend on data availability. The level 3 analysis 
is a simple tick-based evaluation whether financial or economic assessments are likely to be pos-
sible or not. During the Interreg IVb SKINT project (2008-2012), none of the cases described in 
De Beer et al. (2012) attempted to move to a level 3 analysis. Very few case studies were amenable 
to a level 3 analysis, and further research and development was required to develop tools for this. 
In section 3.2.6 of this thesis, a level 3 cost-benefit analysis is carried out for the Bryggen case for 
those benefits that are quantifiable in monetary terms.

The benefits are classified into 12 benefit categories as listed in Table 7. Only where the likely 
benefits are identified as substantial at Level 1 should the Level 2 and 3 assessments be considered.

The application of the SSIS method for evaluation starts with the definition of assessment 
boundaries, as illustrated in Figure 13; What services are the most significant and who should be 
involved in the assessment?

Where local data are not available, the US, UK and other data sources can be used and 
adapted to wider European application. In this way, the multiple benefits of water management 
options can be better quantified based on a series of criteria within urban land and water man-
agement, including cultural heritage. Cultural heritage and archaeological heritage as a part of it 
is a mixed good with protection on European level (Council of Europe, 1992). It is framed over 
a  multi-dimensional, multi-value, and multi-attribute environment, generating private and public/

Level Type of assessment Assessment topics

1 overview assessment likely benefits to environment (e.g. EU biodiversity strategy)

likely benefits to economy

likely benefits to society

likely benefits to energy use

likely benefits to cultural heritage

likely benefits to EU Directive fulfilment (overall) - notably the 
Flood Directive and the Water Framework Directive (but also 
others need to be considered)

regulations/directive necessary for local planning? These will be 
locally, context specific

2 quantitative analysis (likely-
hood of being able to carry this 
out)

direct quantitative analysis - possible for physical, chemical, 
biological benefits and impacts

indirect quantitative analysis - include social, policy, strategy 
(e.g. green infrastructure strategies, planning processes)

3 financial evaluation mainly comprising financial benefits and costs, but may include 
willingness to pay (if not included in level 2 assessement) - 
 dependent on financial tool availability

Table 6: Levels and sequence of assessment using the SSIS matrix (Appendix A)
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collective benefits for current, potential, and future users and even for non-users (Mourato and 
Mazzanti, 2002). 

The SSIS-matrix therefore includes a multidisciplinary framework for the assessment of cul-
tural values as a response to the complex, multifaceted, and multivalued nature of cultural her-
itage and impact that water management has on its’ preservation. Economic instruments should 
be used as complementary means for socioeconomic analysis, together with a range of other tools 
from various disciplines. Measuring cultural benefits/values in this context should therefore be the 
output of a multidisciplinary or preferably transdisciplinary (Max-Neef, 2005) team that includes 
not only economists and conservation specialists but also other scientists and specialists.

The SSIS-method was applied for the case studies described in De Beer et al. (2012). In the 
following section, the application for the case study Bryggen in Bergen is further discussed. For 
further details on the benefit matrix, the reader is referred to Ashley et al. (2012).

3.2.6.  Application of the benefits matrix for Bryggen

The benefits matrix in Appendix A has been applied using a spreadsheet model to the Bryggen 
case study. A bar chart was selected which has blanks for ‘no’ benefit or ‘inapplicable’ regarding 
benefits.

These plots can be used to illustrate the relative benefits of the options in a way that is readily 
visible to decision and policy makers. The horizontal scale covers the 5 benefit areas of environ-
ment, economy, society, energy use and cultural heritage. The coloured bars in each assessment 
are categorised as red for low benefit, blue for medium benefit and green for high benefit.

Thus, where all five of the benefit areas are assessed to receive benefits from the scheme 
proposed, there will be a continuous horizontal bar. Where all the benefits are ‘high’ this will be 

Benefit category Explanation

Protection of air/water/planet This includes impact criteria, including resource depletion and 
enhancements such as increasing biodiversity and pollination

Flexibility and adaptability to climate 
change

The application in SKINT relates to the water cycle and how this 
can accommodate climate change

Contribution to local/global economy INcludes provisioning and regulatory services as well as job 
creation

Life cycle costs Value for money over entire life of project

Affordability Relates to investment regimes and security of long-term funding

Risks Risks may be interpretated variously, here it relates to the secu-
rity of the scheme in providing adequate performance, and can 
include robustness

Public/professional engagement Aims to ensure the highest levels of engagement from all stake-
holders

Amenity provision Increasingly, there is a desire to enhance amenity value in urban 
areas especially

Acceptability By communities, but also longer-term as e.g. an exemplar pilot 
project

Media influence In many countries reputational aspects are particularly signifi-
cant, especially where cultural heritage is concerned 

Attention to cultural heritage Applies to human values as well as the preservation of artefacts 
and historic assets

Enery use Here this applies mainly to added values from using water to 
improve urban environments by taking an integrated approach

Table 7: Benefit categories
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entirely comprised of a green colour, exemplified by five benefit categories denoted green for se-
curity of funding for Bryggen (Figure 14). Usually the bars comprise bars of the different colours, 
indicating a mixture of low to high benefits being expected. Gaps indicate no benefit. There is 
no significance to the order of the coloured bars, although these do reflect the order of the benefit 
categories, but where there are no benefits in a category, the sequence of the coloured entries in 
the bars does not show which categories have no benefit.

Where no benefit has been assigned, this may mean ‘not relevant’ to the case example or con-
text and should not necessarily be interpreted in a negative way.

1. Defini�on of assessment boundaries
What services are the most significant and who should be 

involved in the assessment?

2. Determine preferred op�ons for change
What are the desired changes, how can they be brought about 

and what levers can be used to achieve these?

3. Assess change in Ecosystem Services
When and how to take a qualita�ve and quan�ta�ve approach 

and what addi�onal factors to consider

4. Presen�ng the results of the assessment

5. What are the op�ons for bringing about change?
How to present results and when to use market mechanisms

6. Decision making and learning points
Presen�ng key conclusions and gaps in knowledge

Figure 13: Using ecosystem services in assessment process for valuation 
(Ashley et al., 2012)
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3.2.6.1.  Level 1 assessment

Figure 14 shows the scoring for the first stage of the benefits matrix applied to this case study. The 
case scores low in the category Environment, whilst scoring high on almost all the other benefit 
categories of Economy, Society, Energy use and Cultural Heritage. These high scores are a result 
of the assessment boundaries being set on a broader level than simply for the technical solutions 
(SUDS) themselves. Although sustainable water management solutions are being implemented on 
a local scale, the biggest benefit is the safeguarding of the World Heritage Site Bryggen; a global 
benefit. In this way valuable cultural heritage is preserved, with broad benefits for the local, re-
gional and national economy and global society.

With regards to EU regulations, the options to implement sustainable solutions have multiple 
benefits. In contrast to most projects where implementation of SUDS and green infrastructure are 
sustainable options, the benefits of SUDS and green infrastructure at Bryggen are mostly related 
to the Malta Convention (Council of Europe, 1992), and not to the Water Framework Directive 

0 1 2 3 4 5

Reduces need for water (treatment)
Reduces urban heat island effect / Climate regula�on

Social rela�ons
Enhances human capacity (knowlegde, tradi�ons)

Inspira�on of art, folklore, architecture
Spiritual and religious value

Preserves/sustains/creates heritage
Enhances tourism

Is posi�vely reported
Is used/supported by local community

Has the poten�al to be replicated
Improves accessibility

Improves aesthe�cs
Provides recrea�onal opportuni�es

Increases visibility of waters
Involves ci�zens in decision making
Provides educa�onal opportuni�es

Integrates land and water management
Low risk of failure

Has secure funding
Investment

Low life cycle costs
Pest and/or disease regula�on

Provides resources (crops, fuel, etc.)
Increase in labour produc�vity

Reduced storm water runoff
Increases available water supply

Reduces salt use on roads in winter
Reduces flooding / storm protec�on

Supports pollina�on
Erosion regula�on

Increases photsynthesis
Air quality regula�on

Ameliorates contaminated land
Improves groundwater recharge

Improves habitat
Reduces need for grey infrastructure

Increases water recycling
Improves water quality

Low

Medium

High

Figure 14: Bryggen benefits matrix (Ashley et al., 2012)
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(European Parliament, 2000) or Flood Directive (European Parliament, 2007). National legisla-
tion on Cultural Heritage (without it, nothing would happen) and local legislation, such as munic-
ipal regulation plans providing protection and opportunities for implementation of SUDS or other 
sustainable measures are also addressed by the option selected.

3.2.6.2.  Level 2 assessment

A level 2 assessment for the Bryggen case indicated whether direct or indirect quantification of the 
benefits was likely to be feasible (Table 8), where the criteria amenable to direct and/or indirect 
quantification are shown.

3.2.6.3.  Level 3 assessment

In terms of valuation of Bryggen in Bergen, Navrud and Axelsen (2003) found an average 
Willingness-to-Pay (WTP) of a single payment of 188 NOK in 2003 to preserve the World Heritage 
Site. This estimation only included Norwegian inhabitants and not foreign visitors and is thus a 
conservative estimate. In 2003, this equalled to a sum of 369 million NOK. Compared with the 
then estimated costs for restauration and maintenance of the heritage site, Navrud and Axelsen 
concluded that restauration and maintenance was economically profitable with a return value of 

Benefit Direct quantitative 
 analysis possible?

Indirect quantitative 
 analysis possible?

Improves water quality Y Y

Increases water recycling Y Y

Reduces need for grey infrastructure Y Y

Improves habitat N Y

Improves groundwater recharge Y Y

Reduces flooding/storm protection Y Y

Reduced stormwater runoff Y Y

Increase in labour productivity N Y

Low life cycle costs N Y

Investment N Y

Has secure funding Y

Low risk of failure N Y

Integrates land and water management Y Y

Provides educational opportunities Y Y

Involves citizens in decision making N Y

Increases visiblity of waters N Y

Provides recreational opportunities Y Y

Improves aesthetics Y Y

Improves accessibility N Y

Has the potential to be replicated N Y

Is used/supported by local community N Y

Is positively reported Y N

Enhances tourism Y N

Preserves/sustains/creates heritage Y Y

Enhances human capacity (knowledge, traditions) N Y

Reduces needs for water (treatment) Y N

Table 8: Bryggen - Level 2 assessment (Ashley et al., 2012)
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1.3 NOK per invested NOK.
A socio-economic analysis of tangible cultural heritage and cultural environments in Norway 

(Gierløff et al., 2017) has shown that cultural heritage increases the willingness to pay to reside 
and live in or close to areas that have a higher density of cultural heritage. Although this study 
focuses on analyses of real estate values of heritage buildings, it recognises the value of living in 
or close to cultural environments. The study shows that historic buildings have a higher marked 
value than other buildings and that cultural environments contribute to increased welfare in local 
communities in terms of increased employment and value creation, amongst others through tour-
ism. The number of visitors to Bryggen has doubled from about 800,000 visitors in 2005 to an 
estimated 1.5 million visitors in 2017. Besides its intrinsic value, the site therefore has a significant 
usage value.

The restauration and maintenance costs of the heritage site are mostly related to the historic 
buildings. Valuation of the archaeological material beneath the buildings has previously not been 
considered specifically. Reduction of ground subsidence is however crucial to reduce construction 
damage. Loss of archaeological heritage with assigned national and world-renowned intrinsic 
value is challenging to valuate in monetary terms.

As described in chapter 4 of this thesis, the process from problem identification, knowledge 
development and following development and implementation of mitigation measures to preserve 
the archaeological remains and reduce ground subsidence at Bryggen has taken more than 15 
years. In 2009, a multicriteria analysis of alternative technical solutions was carried out to find the 
most cost-effective mitigation solution(s) to safeguard the Bryggen site (Jensen, 2009).

The analysis included the following eight alternative solutions:
1. Construction of a drilled wall with grout-injection of the bedrock.
2. Shallow earthworks to replace permeable material with impermeable material, in addition 

to either vertical deep infiltration or grout-injection of the bedrock.
3. Pressure release wells below the hotel parking lot, drilled walls, and shallow infiltration 

along the outside of the wall.
4. Shallow infiltration, construction of a hydrological barrier between the hotel area and 

historic Bryggen. This solution included deep infiltration.
5. Repair of the existing sheet piling around the hotel, including grout-injection of the bed-

rock.
6. Grout-injection of bedrock and aggregate volumes (crushed bedrock).
7. Permanent freezing of the ground around the hotel area.
8. Do nothing (baseline).

The analysis carried out by Jensen (2009) resulted in the recommendation to carry out further 
detailing and planning of alternative 1 as the most robust solution with highest likelihood to suc-
ceed and with the lowest long-term maintenance costs. This thesis will not go into detail in each of 
the alternatives that were evaluated. All suggested solutions by Jensen (2009), except  alternative 4, 
can be regarded as mainly traditional geotechnical solutions. In 2010, a quality control of the mul-
ticriteria-analysis was carried out (Christensen and Danielsen, 2010) on behalf of the Directorate 
for Cultural Heritage. The quality control supported the conclusions by Jensen (2009) but recom-
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mended to include alternative 4 in further planning and detailing of alternative, more sustainable 
solutions. As described in chapter 4, the implemented mitigation has been alternative 4, but with-
out deep infiltration and in combination with leakage repairs along the existing sheet piling.

In 2011, based on the above documentation, the Norwegian government allocated 45 million 
NOK to develop mitigation measures focused on improving groundwater conditions to reduce the 
loss of archaeological material and ongoing ground subsidence. Mitigation development and grad-
ual implementation took place in 2012-2015. Focus has been on choosing mitigation solutions that 
are regarded “sustainable”. Although mitigation includes technical solutions that by themselves 
are not regarded as sustainable (e.g. continuous pumping), they were necessary to gain the greater 
sustainable good; preservation of Bryggen for future generations (see section 3.2.4.2).

With the current knowledge of the investment, maintenance and monitoring costs of the im-
plemented solutions at the Bryggen site, and estimated value creation (or cost savings) of selected 
benefits mentioned in Table 8, it has been possible to carry out a general cost-benefit analysis for 
the Bryggen case study, also referred to as a level 3 analysis (Ashley et al., 2012). 

In the level 3 analysis carried out for this thesis, the following options are considered:
a. a baseline - “do nothing” option (alternative 8 from Jensen (2009));
b. application of a scheme of traditional technical solutions to reduce leakage and increase 

groundwater levels (alternative 1 from Jensen (2009));
c. application of a scheme using GI and SUDS (alternative 4 from Jensen 2009)).

Costs

The baseline “do-nothing” option (a), results in continuous subsidence and loss of archaeological 
deposits. This option would be a realistic alternative if monitoring showed that degradation and 
consequential subsidence gradually would reduce or stop. More than ten years of groundwater 
and subsidence monitoring showed stable or increasing subsidence rates, and active drainage of 
groundwater (see chapter 4). The alternative was therefore discarded (Jensen, 2009). 

Option a) would require an estimated yearly cost for maintenance and repair of building 
foundations of 5 million NOK (Jensen, 2009), including loss of rental income for buildings under 
repair. These costs do not include the loss of degrading archaeological deposits, which probably 
are the highest costs for society in the long term, as deposits are a non-renewable resource and 
have a juridical status “national value” according to the Cultural Heritage Act (Ministry of Cli-
mate and Environment, 1978). Destruction of automatically protected archaeological deposits is 
punishable by law and fines can be given (Kml. § 27). However, no monetary value can and has 
been assigned for a single unit volume of archaeological deposits. The fine that can be given is 
dependent on the uniqueness of the material that is lost (the value it represents), but also on the 
severity of the offence; did the offender knowingly destroy the archaeological material or was it an 
unintentional offence? Fines issued in accordance Kml. § 27 have varied from 50,000 NOK to 1.5 
million NOK for single excavations or disruptions. Given the fact that the archaeological deposits 
at Bryggen are not only automatically protected by the Cultural Heritage Act, but also assigned 
World Heritage status, its monetary value per m3 is one of the highest in Norway. Based on the ob-
served degradation and ground subsidence rates at Bryggen, option a) would lead to an estimated 
loss of 5-20 m3 archaeological material per year, dependent on the local ground¬water conditions.

98



 Cultural heritage and sustainable urban water management 

Option b) in the level 3 analysis is based on the original alternative 1 (construction of a drilled 
wall) as recommended by Jensen (2009). No additional green infrastructure is foreseen in this 
alternative that includes complete physical isolation of the drained area below the hotel from the 
surrounding area. Recovering of groundwater levels below the affected areas of Bryggen is ex-
pected to occur through natural recovery of the water balance. Investment costs for the measures 
were estimated by Jensen (2009) to around 55 million kroner. The maintenance costs are limited 
to groundwater and subsidence monitoring. In Jensen (2009), the maintenance costs are supposed 
to be negligible. In the level 3 analysis carried out here, moderate maintenance costs are estimated 
to 0.3 million NOK per year, which includes field- and instrument costs for monitoring, mainte-
nance and yearly reporting.

Option c) is the alternative that has been carried out at Bryggen, primarily based on the origi-
nal alternative 4 (construction of a hydrological barrier) by Jensen (2009), but further detailed and 
adapted in the planning phase to include significant elements of GI and SUDS, creating additional 
benefits. For a detailed description of the solutions implemented at Bryggen, the reader is referred 
to section 4.5 of this thesis. Maintenance costs are estimated to 0.6 million NOK per year, which 
includes field- and instrument costs for monitoring, green infrastructure and infiltration mainte-
nance, pumping costs and yearly reporting.

Benefits

A discussion on boundary condition definitions at Bryggen is given in section 3.2.4.2. For finan-
cial evaluation of the alternative options, the overall boundaries given in Table 9 are considered 
for benefits assessment.

The key targets of option b) and c) are the preservation of archaeological material and reduc-
tion of ground subsidence. Here it is assumed that both options achieve these targets, and thus 
receive equal benefits in terms of avoided costs for building maintenance and value creation by 
sustaining the cultural environment that Bryggen represents. The monetary benefit value is equal 
to the difference between the estimated 5 million NOK yearly repair, maintenance and lost rental 

Boundary type Decription

Space Although Bryggen is a World Heritage Site, existing studies have used a nationwide 
space boundary for evaluation of cost-benefits. This yields a conservative estimate in 
a level 3 analysis. Tourist numbers have doubled during the last decade, mostly from 
abroad.

Time For mitigation measures, a lifetime of 50 years is considered for renewal and mainte-
nance costs. The target for the historic buildings at Bryggen is several hundred years 
(the current buildings are over 300 years old) and for archaeology the target is in-situ 
preservation for future generations (1,000 years). In comparison with urban sites with-
out archaeology mitigation solutions should be more resilient as to achieve the long-
term targets of preservation.

Benefits The key benefits as defined in the Bryggen project are reduction of loss of archaeologi-
cal deposits and prevention of damage to the site. These goals need to be achieved and 
managed by the national and local authorities to maintain world heritage status (benefit 
to society). GI and SUDS do contribute to these goals, but serves specific clients such 
as local communities and authorities (e.g. improved recreational area, water quality 
improvement, less flooding).

Criteria As mentioned above, GI and SUDS in option c) do yield multiple benefits at Bryggen. 
Some of these benefits (e.g. maintaining a high groundwater level) would also be 
achieved in option b) using other technical solutions. Only the additional benefits that 
GI and SUDS achieve compared to other options are counted in the level 3 analysis.

Table 9: Boundary conditions level 3 analysis, Bryggen

99



Chapter 3

income that would occur in the baseline option, and ordinary repair and maintenance costs of the 
buildings. Ordinary maintenance and repair is estimated to 1 million NOK per year. To avoid dou-
ble counting, the reduced repair costs are included in the cost calculation and not in the benefits.

Option b) has considerable lower maintenance costs than option c) but does not include the 
addition benefits that are achieved by implementing GI and SUDS. Besides multiple benefits in 
terms of quality and amenity improvement of sustainable water management, one of the main ben-
efits is the flexibility and adaptability of implementing shallow infiltration facilities. Safeguarding 
a complex urban heritage site such as Bryggen in the long term comprises many uncertainties, 
such as caused by climate change and future urban development. Implementing resilient solutions 
that are adaptable to future needs is expected to generate a more robust and cost-effective man-
agement in the long term. These benefits are however difficult to financially assess by their nature 
of uncertainty.

Supporting information as to which of criteria may be financially assessed has been described 
in Ashley et al. (2012). Few are amenable to a financial analysis and further R&D is required to 
develop tools for this. The level 3 assessment for Bryggen has been carried out using a cost-benefit 
assessment tool available from the Directorate for Management and ICT in Norway (www.difi.no) 
and is summarized in Table 10.

Table 11 indicates additional benefits considered not amenable for financial analysis at this 
point. Costs and benefits have been recalculated to net present values (NPV), considering a 4 % 
discount rate (interest rate of a competing investment) and a lifetime of 50 years of the implement-
ed measures (2015-2065).

Although option b) and c) have similar total cost levels, the multiple benefits accrued for op-
tion c) are higher. The main reason is an expected increase of tourism to the site. Due to addition 
recreational and educational opportunities, it is expected that visitors will spend more time at 
the Bryggen site, and therefore increase their usage and expenditure. The educational opportuni-
ties that the visible green infrastructure and infiltration systems provide in connection with the 

Costs and benefits Option a Option b Option c

Costs

Investment groundwater mitigation 0 55 45

Repair buildings 113 22.6 22.6

Monitoring and maintenance 6.8 6.8 13.5

Total costs (NPV) 119.8 84.5 81.1

Benefits

Reduced need for grey infrastructure (est. 1.5 mill. NOK first year) 0 0 1.5

Provides educational opportunities (est. 100.000 NOK/year) 0 0 1.9

Provides recreational opportunities (est. 500.000 NOK/year) 0 0 9.8

Enhances tourism (est. 500.000 tourists spend on average addition 
20 NOK/year for option b) and 30 NOK/year for option c).

0 197 297

Preserves heritage (est. prevented loss of 10 m3/year, unit value 
estimated at 0.5 mill. NOK/m3)

0 99 99

Total quantified benefits (NPV) 0 298 409.2

Table 10: Level 3 analysis of mitigation options at Bryggen (in million NOK, NPV = net present value).
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 archaeological preservation of the heritage site are potentially much higher than the conservative 
estimate in Table 10. Before mitigation parts of the site (green area) were already used by a local 
school for educational purposes not directly related to the historic context and archaeology.

Mitigation has improved the educational opportunities not only for the local community, but 
also for international visitors to the site. Already during the first years after completion of miti-
gation, the site is being used as a research platform and example for sustainable land- and water 
management, with replication elsewhere.

The value of the benefits summarized in Table 11 should not be underestimated in terms of 
wider positive economic effects. Increased resilience is probably one of the most important benefits 
compared to alternative options for Bryggen, and the most difficult to quantify. Although option 
b) intends to achieve the same targets as option c), long-term preservation of the site, the technical 
solutions cannot be adapted to unknown future changes in the environmental conditions and un-
certainties related to the mitigative effects of the option are difficult to solve after implementation, 
or to very high costs. Implementation of shallow infiltration solutions, green infrastructure and 
SUDS in option c) is much more flexible in design and can be modified to accommodate unknown 
future needs after implementation at a low cost.

3.3.  Discussion and conclusions

Sustainability has become a devalued term, where everything is now being presented as being 
sustainable or part of sustainable development. Today, a common approach to sustainability as-
sessment is to utilise ‘indicators’, ‘criteria’ and/or attributes to determine whether an intervention, 
option or response to changing infrastructure systems is likely to create ‘more or less’ sustainabil-
ity. Improvement in the form of a clearer definition of the conceptual boundaries of the visions of 
sustainability for options is needed. Nevertheless, it is still possible to use the concept in discourse 
in framing options, despite the lack of a shared definition.

To identify and recognize the value of multiple benefits, and use them to subsequently move 
towards measures that are more sustainable, a starting point for the appraisal of an option should 
be to challenge the drivers: are they sufficiently broad and with conceptual boundaries defined 
as widely as possible? Boundaries that are as wide as possible are needed to fully exploit the 
multi-value potential of ecosystem services. A careful definition of space, time, benefits and cri-
teria boundary types is required as shown for the Bryggen case. Perceived high costs of options 

Other benefits (not quantified) Option a Option b Option c

Improved water quality - - +

Increased water recycling - - +

Improves groundwater recharge - + ++

Reduces flooding - - +

Reduces stormwater runoff - - ++

Integrates land- and water management - - +

Improves aesthetics - + ++

Is positively reported - + ++

Reduces water treatment - - +

Increases resilience - - ++

Table 11: Other benefits currently not amenable for financial evaluation, symbols indicate relative benefits
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that are more sustainable play an important role in decision-making and often hinder implementa-
tion. Individual so-called ‘sustainable water management solutions’ within a wider spatial or time 
scale do not per se result in the most sustainable option when the widest possible boundaries and 
different disciplines are considered, as is illustrated when including cultural heritage within sus-
tainability assessments. The importance of the multiple benefits that will be obtained in different 
disciplines compared with these ‘high’ costs needs to be shown and better acknowledged. 

To cope with the dynamic changes in developing urban areas, water needs to take a more 
prominent role development and planning process. Changing conditions demand innovative and 
resilient solutions, particularly in dense urban areas, and these can only be implemented when wa-
ter issues are taken into consideration in the early stages of urban planning and in holistic devel-
opment design. A wide group of professionals needs to be engaged, many of whom will have little 
or no formal training in hydrology, hydrogeology, hydrochemistry, hydraulics, water purification 
processes, or have little awareness of new threats and opportunities that may occur because of 
changing water and land management, for example related to in-situ archaeological preservation. 
A better integration of the land and water management processes requires active dissemination of 
the multiple benefits and impacts of decisions to a wide group of professionals.

Multiple benefits can only be fully appreciated if professionals succeed in looking beyond 
their own disciplines and consider as wide conceptual boundaries in space, time and content as 
possible. To assess and consequently “sell” the benefits and impacts of decisions it is necessary 
to take all aspects of sustainability and the specific circumstances relevant to each decision into 
account, here illustrated by the Bryggen case.

Ideas about sustainability have remained very much static for several years, despite a pleth-
ora of tools to ‘assess sustainability’. Most applications use some form or set of criteria to assess 
what is better or not. Policy makers, decision takers, politicians and everyone else wish to become 
sustainable and to receive services that are sustainable. The framing and visions surrounding the 
sustainability discourse are perhaps the most useful aspects of the concept as they allow partner-
ships, stakeholders and those participating in decision processes to set their values and points of 
view in a shared vision. This vision can be via a list of criteria such as presented here that can be 
used to establish the benefits of a proposal in common and shared terms. Flawed as such a process 
is, it does ensure that all pertinent potential values are included in the discourse surrounding the 
‘best’ option selection, whether that option is truly ‘sustainable’ or not. The way in which the as-
sessment matrix presented here has been variously interpreted and used to retrospectively analyse 
the case studies in the Interreg IVb project SKINT demonstrated that even a collectively agreed 
list of criteria can be variously understood in different ways by different users in different contexts. 
In this thesis, a best effort level 3 analysis of cost and benefits was carried out for the Bryggen case 
study to show that, with careful consideration of the boundary conditions, it is possible to present 
the benefits of implementing sustainable solutions in monetised terms.

It seems that the idea of presenting the benefits of options to decision makers, ideally mone-
tised, couched in ‘sustainability’ language, offers the best possibility to get options taken up that 
are as sustainable as possible. Important in this are the recently emerging ideas about multifunc-
tionality, multi-value and getting more from less in investments in adapting to climate change.
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