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1. Executive Summary

Objectives

The principal purposes of SAIGUP are: i) to quantify objectively the sensitivity of geological complexity on production forecasts, as a function of generic aspects of both the sedimentological architecture and faulted structure of shallow marine hydrocarbon reservoirs, and ii) to validate these results using real-case reservoir and production data. Because of the case-specific nature of existing production forecasting sensitivity studies, links between geological and production uncertainty cannot be made at present. These links are a prerequisite for early recognition of the most significant geological parameters influencing production forecasting uncertainty and are a necessary basis for establishing optimal methods for including geological uncertainty in reservoir modelling studies.

Modelling

The project is a systematic assessment of uncertainty in reserves and production estimates within an objectively defined geological parameterisation encompassing the majority of European clastic oil reservoirs. A suite of progradational shallow marine reservoir types ranging from comparatively simple, parallel, wave-dominated shorelines through to laterally heterogeneous, lobate, river-dominated systems with abundant low-angle clinoforms are generated as a function of well-defined sedimentological input characteristics conditioned to natural data. The sedimentological models are combined with several structural models sharing a common overall form but comprising three basic fault systems with variable fault density and fault permeability characteristics and a common unfaulted end-member. Different sets of relative permeability and capillary pressure functions applied on a facies by facies basis have been calculated as a function of different lamina-scale properties and upscaling algorithms to establish the uncertainty in production introduced through the upscaling process. Different fault-related upscaling assumptions are also included in some models. Production using a waterflood has been simulated using up to five different sets of well locations, resulting in production characteristics of over 35,000 full-field reservoir models. 

Results

Well and field production profiles have been combined with the geological and development plan parameters in a database, allowing the levels and origins of production and reserves uncertainty associated with geological complexity and methodological imprecision to be quantified as a function of the underlying geology. The sensitivity of reservoir performance to four large scale and two small scale sedimentological variables, three fault-related variables, three assumptions made in the upscaling process and to the locations of the wells in the development plans have been established. Except in strongly compartmentalised reservoirs, variability in sedimentary variables at both the small and large scale dominate uncertainty in reserves, but structural aspects of the reservoirs are as important as sedimentological ones in terms of recovery factors. Numerical assumptions made in the upscaling process are minor compared to the influence of geological parameters. 

Existing and new heterogeneity measures and dimensionless parameters have been tested against the production results for their ability to discriminate between geological architectures and to predict production characteristics. A number of dominantly structural measures have been identified which can be estimated from the basic geological descriptions of the reservoirs and provide a rapid means of estimating the likely changes in the value of reservoirs with the addition of different kinds of fault systems. Models of a North Sea field, a Niger Delta field and deriving from shallow marine reservoir analogues outcropping in the Book Cliffs in Utah have provided some encouraging results backing conclusions from the synthetic modelling. We expect the results and methods developed will contribute towards an improvement in the planning and execution of geological reservoir modelling programs, and towards a reduction of the economic risk associated with field development.
2. Synthesis Report

2.1. Introduction and objectives

The principal purposes of the project are: i) to quantify objectively the sensitivity of geological complexity on production forecasts, as a function of generic aspects of both the sedimentological architecture and faulted structure of shallow marine hydrocarbon reservoirs, and ii) to validate these results using real-case reservoir and production data. Because of the case-specific nature of existing production forecasting sensitivity studies, links between geological and production uncertainty cannot be made at present. These links are a prerequisite for early recognition of the most significant geological parameters influencing production forecasting uncertainty and are a necessary basis for establishing optimal methods for including geological uncertainty in reservoir modelling studies.

The approach taken has been to build realistic synthetic full-field reservoir models encompassing quantified variability in small and large scale sedimentological characteristics, structural characteristics, upscaling methods and assumptions, and to simulated these for up to a 30 year production history using a variety of plans for the development of the field. Geological and methodological characteristics of the models are stored along with well and field production profiles in a database containing ca. 35,000 sets of parametrically distinct reservoir simulation results. These data have been analysed statistically, to identify variables and variable-combinations imparting the largest sensitivity to field performance indices (reserves, recovery factors and discounted reservoir values), and using more physically or geologically based methods, to identify transportable heterogeneity measures for assessing the likely influences of particular levels of geological factors on production.

Production has also been examined in models built for shallow marine reservoirs in the North Sea and Niger delta, and from a suite of reservoir analogues from the Book Cliffs in Utah. Predictive methods developed in synthetic models have been applied to these reservoirs to test the transportability of the methods developed.

2.2. The synthetic modelling

Our study focuses on reservoir scale flow in shallow marine reservoirs using, in the main, commercial modelling packages, and our workflow is roughly analogous to that used in any comprehensive reservoir evaluation study. Our modelling volume is 3 km x 9 km x 80m, and a 1.5 million cell facies model is built at a resolution of 37.5 m x 37.5 m x 1 m. The facies model is populated with petrophysical properties and upscaled to the resolution of the simulation model; 75 m x 75 m x 4 m. 

A sequence statigraphic framework has been used to model systems with different levels of horizontal and vertical heterogeneity within a progradational shallow marine setting as a function of combinations of 5 basic sedimentological variables. Sedimentologically, the models range from comparatively simple, parallel, wave-dominated shorelines through to laterally heterogeneous, lobate, river-dominated systems with abundant low-angle clinoforms. Between two and six parasequences are modelled with different aggradation angles and shoreline curvatures representative of natural systems and spanning wave to river dominated deltas with different ratios of sediment supply to subsidence. The fourth basic sedimentological variable is the level of the continuity of the parasequence-bounding and clinoform surface cements. Since the significance of directional heterogeneities will be different if a water-flood is parallel or perpendicular to the progradation direction or, if parallel, up-dip or down-dip, models have been built with these three different progradation directions relative to the main water-flood direction. 408 models have been used, comprising one or more stochastic realizations of each of 141 parametrically distinct sedimentologies.
Each sedimentological model is placed in up to 10 structural cases of our datum reservoir; a typical three-way dip-closing tilted fault block containing post-depositional normal faults and a common gross-rock volume. Three distinct fault systems (a strike-parallel, a strike-perpendicular and a compartmentalised fault case) are sampled at three strain levels to give 9 faulted versions of each reservoir. Each fault system merges into a common unfaulted reservoir at zero strain; this defines the 10th structural case. The largest faults in the highest strain versions have throws slightly lower than the total 80m thick reservoir sequence, and realistic populations of sub-resolution breached and unbreached fault relay zones are included in some models. Fault properties have been assigned using Shale Gouge Ratio as a proxy for fault rock permeability, and fault throw as a proxy for fault rock thickness. Up to 9 permeability / SGR relationships have been considered ranging from a pure juxtaposition case to extremely low permeability relationships. A total of 5718 different geological models resulting from combined sedimentological and structural variability have been considered.

The well locations in the four development plans (PDOs) used in the bulk of the modelling are based on the unfaulted and three faulted structural end-members. Each has 8 (in one case 9) producer and 3 water injector wells, active from the start of production and maintained by a simple set of controls. An oil / water system is modelled using the same set of reservoir fluids throughout.
Much of the modelling has been performed using a constant set of relative permeability curves defined on a facies by facies basis. A parallel suite of 6201 simulation models were prepared using 54 different upscaling procedures, defined through combinations of the most significant lamina-scale variables identified in a pilot study, the algorithms used to perform the upscaling at two scales, whether anisotropic pseudos are used, and the flow velocity assumed during the up-scaling process. Upscaling has been performed using the Geopseudo method in which upscaling is done in stages and at scales representative of the facies considered. 

A consistent set of data for the geological and simulation models are retained in the project Oracle database. For each flow simulation model, field and well flow rates and pressures are output and stored at 3 monthly intervals. The locations of each well in the PDO are stored, as well as all the properties of all grid-blocks sampled by all the wells associated with any PDO applied to each sedimentological model. Attribute tables are used to store specific information concerning each sedimentological model as single values per model or per parasequence. These may be either parameters defined as input (e.g. the precise values of particular parameters defined stochastically for each parasequence in the sedimentological modelling) or following analysis of the static sedimentological models (e.g. heterogeneity measures). A similar table is used to store heterogeneity measures associated with each flow simulation model. Codes relating to various input types (e.g. fault structure, upscaling method, PDO) are contained in the name of each simulation model and built into the structure of the database, allowing access to different hierarchical levels of information pertaining to particular models or sets of models. 

In the 35,715 models retained in the database, reserves range from ca. 15 to 35 million m3 (90 – 220 million barrels) produced in a modal field life of ca. 20 years. Recovery factors range from about 30% to 55%, with a modal value of 45%, typical of water-floods in a shallow marine environment. 

2.3. Analysis and results 

The data have been analyses with two main objectives; to the establish the sensitivity of production parameters on underlying geological aspects of the reservoirs, and to provide predictive models of reservoir performance as a function of heterogeneity measures deriving from the static flow models or estimated from top-level geological descriptions. Most work has focused on up to three reservoir performance indicators; the reserves of the field, the recovery factor and a discounted value, generally calculated using a discount factor of 10% per year. 

Quantitative measures of the relative importance of underlying parameters in a response can be obtained using the statistical approach of variance components, in which the total variability of a production response is split into the components of variability associated with individual input classes (e.g. sedimentological characteristics, fault permeabilities etc). Two sets of analyses using different input variables have been examined in this way. In the first analysis the relative influences of four sedimentological variables (progradation direction, aggradation angle, shoreline curvature and the strength of the barriers), three structural variables (the fault system, the density at which it is sampled and the fault permeability model used), and the PDO used, are assessed in a suite of 9072 models. The second analysis uses a suite of 640 simulation models deriving from only 8 sedimentological models and simulated using a single PDO, and addresses the sensitivity of production to three large scale and two small scale sedimentological variables, three assumptions made in the upscaling process and two assumptions concerning the faults. Although the two sets of analyses have no models in common, where the input variables overlap (combinations of aggradation angle, curvature and barrier strength), the relative ranking of individual variables and variable combinations is the same. Results indicate that the strongest control on the reserves of the fields is either the progradation direction or the capillary pressure exponent applied at the lamina scale, followed in third place by the aggradation angle of the reservoir and in fourth place by the lamina-scale permeability distribution. Difference performance indicators give different relative rankings, and although sedimentological aspects are most significant for the reserves of the reservoirs, structural variables are as important as sedimentological ones in terms of recovery factor. This shift is a function of the dependence of oil in place on sedimentological, but not structural factors in these reservoirs.

The heterogeneity measure approach has been applied principally in the fault-related analyses. Analyses focusing mainly on the discounted value of the reservoirs show that the effects of faults on reservoir production are varied, often counterintuitive, and depend to a large extent on the relative orientations of the faults and the water-flood. Fault juxtaposition effects can reduce the reservoir value by up to 30%, with the greatest losses observed in models with lower sedimentological aggradation angles and, paradoxically, faults striking parallel to the water-flood direction. Fault-rock has a greater effect than juxtaposition only in the compartmentalized reservoirs and only when the permeability predictor is towards the more sealing cases of published SGR/permeability relationships. Except when the flow direction is parallel to the faults, moderately sealing faults can increase the value of reservoirs. These trends arise from the dependence of reservoir value on both sweep efficiency and production rate: although flow rates are lower if the waterflood direction is perpendicular to lower permeability faults, the permeability anisotropy imparted by these faults results in more optimally disposed flow paths, and hence in more efficient sweep. Conversely, faults parallel to flow direction have little effect on flow rate but can significantly reduce sweep efficiency. Simple analytically derived predictors of (a) fault juxtaposition and fault-rock quality in a sequence statigraphic context, and (b) reservoir permeability anisotropy as a function of fault system compartmentalization and anisotropy, allow estimation of likely ranges in production rate and sweep efficiency as a function of faults in reservoirs with different structural and sedimentological characteristics. These can, in turn, be used to estimate their value, dependent on the production plan. 

2.4. The case studies

The purpose of considering real-world case-studies was to examine the applicability of the conclusions from the synthetic models using production behaviour observed or simulated in reservoirs wholly or partially outside the tight parameter space considered in the synthetic modelling. Three sets of models have been examined, one each from a field in the North Sea and Niger Delta, and the third based on shallow marine reservoir analogues outcropping in the Book Cliffs in Utah. 

A deterministic model of the Niger Delta reservoir, which is significantly larger than the synthetic models, has been built and it’s performance monitored as a function of different densities and permeabilities of sub-seismic faults. An approximate match was achieved between the modelled recovery factors and discounted reservoir values as a function of fault density and fault properties and those estimated using heterogeneity measures relating to sweep efficiency, preferred water-flood directions and anisotropic reservoir permeabilities imparted by the fault systems.

The Gullfaks reservoir in the North Sea is heavily fault-compartmentalised, and historical production and pressure data are compared to data obtained from simulation models of the reservoir using different assumptions concerning fault properties. Whilst the behaviour of the models changes significantly at the fault permeability levels expected from the synthetic model results, an acceptable match to the historical data has not been found.

The deterministic outcrop-based models were sub-sampled and upscaled to the same resolution as the synthetic models, and a sub-set of the same fault systems applied. The two models of a comparable size to the synthetic models behave in a similar fashion to the reservoirs with similar sedimentology, and the loss in value of the reservoir as a function of faults using the fault-related heterogeneity functions measured in these reservoirs are within error for two of the three structures.

2.5. Summary and conclusions

We have generated over 35,000 full field reservoir production profiles from synthetic shallow marine reservoirs encompassing realistic ranges of small and large scale sedimentological variability, structural variability and different upscaling approaches applied to both grid-blocks and faults, using a variety of different field production plans. Results have permitted an assessment of the sources and levels of uncertainty in production forecasts in a generic suite of model reservoirs. A number of mainly structural heterogeneity measures have been identified which approximate relevant aspects of the reservoir geology as transportable dimensionless parameters with predictive capabilities. The secondary objective of validating these results using the natural field examples has been hampered by data formatting issues and the quality of pre-existing reservoir models, but some encouraging results backing conclusions from the synthetic modelling were obtained.

The sensitivity analyses, which have included models generated with the more permeable fault property predictors, indicate that variability in sedimentary variables at both the small and large scale dominate uncertainty in reserves, but that structural aspects of the reservoirs are as important as sedimentological ones in terms of recovery factors. Of the large-scale sedimentological parameters the aggradation angle is particularly significant. This variable is seldom taken into account when planning production. The relative orientations of the progradation and waterflood directions are also important. Both the barrier strength and the shoreline curvature have proven less influential than anticipated.

The choice of lamina-scale properties used in the upscaling is a very important control on reserves, and there is therefore a large potential for reducing the uncertainty in production forecasts by placing greater efforts into acquisition of special core analysis data, and into the generation of the relative permeability and capillary pressure curves used. The actual algorithms used to perform the upscaling do not appear to introduce uncertainty, and nor does the inclusion or omission of anisotropic curves. The flow rate assumed during pseudoisation is moderately important.

The analyses indicate that the principal way of reducing production uncertainty relating to structural issues is to place greater efforts into 3D fault mapping, since fault juxtapositions can have a significant effect on production irrespective of fault rock permeabilities. If a fault system is disconnected, fault permeabilities are influential on production uncertainty only over a two order of magnitude range. Small-scale fault segmentation can be particularly significant in compartmentalised systems of low permeability faults.














